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Chapter 1. Introduction 
1.1 Thesis Introduction 
In light of the growing demand for clean, carbon-free, renewable energy, safe, 
reliable, and cost-effective energy storage systems are required. Indeed, global 
production and consumption of energy is currently about 13 TW, and this value is 
forecasted to climb to a level of 30 TW by 2050 [1, 2]. Not only is the typical electrical 
power profile highly variable, but renewable energy, chiefly solar and wind, are cyclic in 
nature [1, 3-5]. In order to meet this temporal demand, new electrical energy storage 
technologies and devices are critically needed. 
Batteries are one means of energy storage.  An anode, cathode, and electrolyte 
comprise a battery.  Specifically, in a lithium-ion battery during discharge, the anode 
releases Li
+
 ions that travel through the electrolyte to the cathode, which allows electrons 
to migrate through the powered device (external circuit) to the cathode[3, 4]. A major 
influence on the performance of an ion battery is the ability for the mobile cation to 
conduct across the electrolyte, as it is intuitive that a positive cation must journey from 
anode to cathode for every electron that is supplied to the external circuit. Despite the 
commercial success experience by lithium batteries, they depend on liquid electrolytes 
which can lead to dendrite growth that short-circuits the battery [4, 6]. Solid electrolytes 
my offer a solution to this problem, however, the challenge is to find solid electrolytes 
with sufficient alkali-ion conductivities (σalkali > 10
-3
 S/cm) [6]. Alkali ion conducting 
glasses are of particular interest for use as solid electrolytes in ion conductive batteries 
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since they can improve chemical durability while also improving Li+ ion conductivity [7-
10]. 
Some questions have been raised regarding the available supply of lithium.  
Specifically, current United States mining levels for lithium are low, and current reserves 
are less than three percent of the global reserves [5]. Positive political and economic 
relationships with global suppliers are vital to a lithium future. Sodium, however, is the 
sixth most abundant element, roughly 2.6% of the earth’s crust by weight [11]. Sodium 
may be an economically viable option for alkali-ion batteries. The low melting point of 
sodium raises some safety concerns [4], but for many applications the available 
temperature range for a sodium battery is more than sufficient 
Since reliable energy storage systems are required to harness renewable energy, 
research and development of safer, smaller, and longer lasting batteries is in demand.  Ion 
conducting glasses could be used as a solid electrolyte for next-generation batteries, 
however, many known ion conducting oxide glasses, such as binary lithium oxide doped 
glasses with conductivities of ~10
-7
 or 10
-8
 S/cm, are not conductive enough for 
commercial use [12]. Methods of increasing the ionic conductivity of glass include 
increasing alkali ion concentration, rapid quenching, adding salts such as alkali halides, 
and using mixed glass formers [13]. Alkali-modified mixed glass former (MGF) glasses 
such as Li2O + Bi2O3 + B2O3 and Li2S + SiS2 + GeS2  can increase alkali ion conductivity 
two orders of magnitude [10, 14]. A rare coincidence of high ionic conductivity with 
improved physical and electrochemical properties of glassy electrolytes can be achieved 
by mixing two glass former cations at constant fraction of the mobile cation, known as 
3 
 
the mixed glass former effect (MGFE) [10, 15-18]. For this reason, we have begun an in-
depth study of the MGFE in oxide and sulfide glasses. Currently, structures and 
properties of sodium modified MGF systems that include B2O3, SiO2, P2O5, SiS2, GeS2, 
and P2S5 glass formers are being characterized in an effort to better understand and 
exploit  the MGFE to enable optimized solid electrolytes for next-generation alkali ion 
batteries.   
1.2 Thesis Organization 
This thesis contains seven chapters. The first chapter includes background 
information regarding the MGFE, ionic conduction in glass, experimental procedures, 
and proposed work. 
The second chapter is a paper that identifies and discusses the short range order, 
SRO, structures of the yNa2S + (1−y)PS5/2 glasses [19]. SRO structures of the glasses are 
examined using both Raman and infrared (IR) spectroscopies. The meta-thiophosphate 
composition, y = 0.33, consists primarily of chains of corner shared (NaS)PSS2/2, but 
there is evidence of a small fraction of edge-shared tetrahedra that form Na2P2S6 dimers. 
For the y = 0.5 pyro-thiophosphate composition, two (NaS)2PSS1/2 units are corner-
shared. The Raman spectroscopy of this phase  also shows that a small fraction of the 
Na4P2S7 groups lose their bridging sulfur yielding a small number of Na4P2S6 groups 
which exhibit homoatomic P–P and S–S bonds.  At y = 0.6, the ortho-thiophosphate 
structure, Na3PS4, is formed where all of the sulfurs are non-bridging and are terminated 
by Na
+
 ions. The variety of SRO structures in these glasses leads to a broader distribution 
4 
 
of phosphorus sites. These insights are used to develop a structural model for the 
yNa2S + (1−y)PS5/2 glasses. 
The third chapter is a paper that examines the impact that a distribution of 
activation energies, DAE, has on the ionic conductivities in glasses [20]. A model was 
developed to show how the DAE leads to positive-curvature non-Arrhenius conductivity. 
The most studied glasses are the most poorly conductive, yet most easily prepared, oxide 
glasses with large average energy barriers and small distribution widths. For this reason, 
most glass systems in the literature exhibit Arrhenius conductivity. It is only in more 
highly conductive non-oxide glasses, especially MGF glasses, in which the energy 
barriers are sufficiently low and the distribution widths are large enough to reveal the 
non-Arrhenius conductivity. This study is the first to understand and report the 
underlying cause of the positive-curvature non-Arrhenius behavior in the ionic 
conductivity. 
The fourth chapter develops a structural model for the ternary 
yNa2S + (1−y)[xGeS2 + (1−x)PS5/2] glasses. The glasses are structurally characterized 
using Raman, IR, and 
31
P MAS-NMR spectroscopies. In these studies, it is found that the 
exchange of GeS2 for PS5/2 leads to unequal sharing of the Na
+
 ions. In all MGF 
compositions, phosphorus groups are associated with a disproportionately larger number 
of Na
+
 ions, while the germanium groups are found to be Na
+
 deficient. 
The fifth chapter examines the glass transition temperature, Tg, and density of the 
yNa2S + (1−y)[xGeS2 + (1−x)PS5/2] glasses as a function of composition. An empirical 
model is developed to describe the MGFE on the Tgs of these glasses, the results of 
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which help to quantify the concentration of the Ge4S10
4-
 molecular anions in these 
glasses. A slight increase in density and corresponding decrease in molar volume is 
observed in the 0.3 ≤ x ≤ 0.9 compositions, which is caused by increased packing 
efficiency of the germanium sulfide species in the ternary compositions due to smaller 
polymerized networks. This molar volume decrease may be partially responsible for the 
negative MGFE observed in these glasses. 
The sixth chapter examines the ionic conductivity of the yNa2S + 
(1−y)[xGeS2 + (1−x)PS5/2] glasses. The Anderson-Stuart model of the activation energies 
in these glasses reveals the origin of the negative MGFE to be due to an increase in 
dielectric stiffness or a decrease in relative permittivity, which when coupled with an 
increase in the Na
+
 ion jump distance causes the activation energy to go through a 
maximum. 
The final chapter is a general conclusion of this thesis and is used to suggest future 
studies with the goal of identifying a universal cause of the MGFE. 
1.3 Background 
1.3.1 Mixed Glass Former Effect 
Many studies of the MGFE in borophosphate glass have been reported in the open 
literature [21-25]. The non-linear enhancement of ionic conductivity as a function of 
composition is not yet fully understood. Indeed, the change in ionic conductivity has been 
attributed to cross-linking of glassy domains of the various glass formers, formation of 
structures with highly dissociated alkali as is seen in BPO4 units, phase separation, etc. 
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Only a few studies of the MGFE in chalcogenide glasses are reported in the 
literature [10, 15, 17, 26, 27]. Pradel et al. concluded that the MGFE in the 
0.3Li2S + 0.7[xGeS2 + (1−x)SiS2] glass system was due to a phase separation that led to 
the formation of the highly conductive Li2SiS3 phase [10, 15]. Other studies have 
considered oxy-sulfide MGF systems [17, 26, 28, 29]. In these systems, conductivity 
maxima occur at small oxide concentrations on the order of 5 mole%. Kim et al. used the 
Anderson Stuart model to show that an increase in the doorway radius, or the pathway 
that Li
+
 ions must pass through to move from one site to the next, was responsible for the 
decreased activation energy, while the electrostatic forces were assumed to be essentially 
constant [17]. 
1.3.2 Ionic Conductivity 
1.3.2.1 Ionic Conductivity and Diffusion 
The conductivity of glasses and other materials is expressed as the sum of the 
conductivities of all charge carrying species as shown in Equation 1-1, where    is the 
number of charge carriers of type   per unit volume,    is the charge of a given mobile 
species, and    is the mobility of a given species. For battery electrolytes, electronic 
conduction should be negligible, so    is simply the product of the valence,  , of the 
mobile ions in the material and the electronic charge,  . In this way, Equation 1-1 
simplifies to the expression in Equation 1-2. 
    ∑         Equation 1-1 
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         Equation 1-2 
The ionic conduction in a glass is considered to be related to the diffusion of 
charged particles through the material, modeled by the Nernst-Einstein relation in 
Equation 1-3, where   is the diffusivity,    is the Boltzmann constant, and   is absolute 
temperature. A random walk model can be used to define the diffusivity described by 
Equation 1-4 and taking the diffusion to be thermally activated, where   is the jump 
distance between sites,    is the attempted jump frequency, and     is the magnitude of 
the energy barrier that a mobile ion must overcome in order to move through space. 
Equation 1-3 and Equation 1-4 are combined, and the ion charge, number density, and 
diffusivity are combined into a single pre-exponential factor, yielding Equation 1-5. Note 
that this alternate formalism of the Nernst-Einstein relation allows for use of either the 
Boltzmann constant or the ideal gas constant, since the number density can be expressed 
on an atomic or molar basis. 
   
 
 
 (  ) 
   
 Equation 1-3 
  
 
 
       (
    
   
) Equation 1-4 
    
  
 
   ( 
   
  
) Equation 1-5 
1.3.2.2 Anderson-Stuart Model 
The ionic conductivity described according to Equation 1-2 implies two 
parameters,   and  , that have energy barriers associated with them. Anderson and Stuart 
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developed a model to calculate the activation energy for conduction based on this 
formalism [30]. In order for an ion to conduct from one site to a second charge-
compensating site, an activation energy must be overcome to create a mobile ion 
population,  , and a second energy barrier related to squeezing pathways and interstices 
in the glass network. Anderson and Stuart refer to an electrostatic binding energy of Na
+
 
ions,    , to impart a mobile ion population and a strain energy to move through a 
doorway between adjacent charge-compensating sites,    . These two energy barriers are 
combined to yield an activation energy described by Equation 1-6. 
            Equation 1-6 
The electrostatic binding energy was modeled by Equation 1-7, where     and    
are the valences of sodium and sulfur, respectively,   is the electronic charge,    is the 
permittivity of free space,    is the high frequency relative permittivity of the sample, 
and     and    are the ionic radii of sodium and sulfur, respectively. Again,   is the 
distance the Na
+
 ion must travel to an adjacent site. Effectively, this is the energy 
required to overcome the ionic bond and travel half the jump distance.     is plotted in 
Figure 1-1. 
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) Equation 1-7 
The strain energy was modeled by Equation 1-8, where   is the shear modulus, 
and    is the doorway radius.     as described by Anderson and Stuart is plotted in 
Figure 1-2. It is apparent from Figure 1-2, that Equation 1-8 predicts that the strain 
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energy decreases with    for    
   
 ⁄ , which is physically unrealistic. McElfresh and 
Howitt [31] proposed a correction to the strain energy term modeled by Equation 1-9 and 
this is also plotted in Figure 1-2. Further modifications of the binding and strain energies 
may be appropriate under various circumstances, but the simplicity of the model is 
attractive for investigations of the activation energy experienced by mobile ions in the 
glass. Substitution of Equation 1-7 and Equation 1-9 into Equation 1-6 yields Equation 
1-10, which is plotted in Figure 1-3. 
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  Equation 1-10 
1.4 Proposed Research 
1.4.1 Selection of Glass Systems to be Studied 
To better understand the cause of the MGFE, an MGF system was chosen to study 
the effect that glass-forming cations have on the ionic conductivity. The glass-forming 
anion is sulfur due to its high ionic conductivities relative to oxide analogs. Phosphorus 
was chosen because 
31
P is well-suited for structural characterization using nuclear 
magnetic resonance (NMR) techniques. Germanium was chosen because GeS2 is more 
chemically stable in air than other sulfides, it is an excellent glass former, and SRO 
structures can be studies with vibrational spectroscopy. Sodium was chosen as a glass 
modifier due to its high natural abundance and comparable volumetric energy densities to 
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lithium. The glass system studied in this thesis is 0.5Na2S + 0.5[xGeS2 + (1−x)PS5/2], 
where the phase diagram is included in Figure 1-4. Also, when batching glasses, formulas 
of the glass-forming compounds are reduced to forms where the stoichiometric ratio of 
the glass-forming cations have a value of unity. For example, P2S5 is denoted PS5/2 so that 
a single glass forming cation is exchanged for another in the 0.5Na2S + 0.5[xGeS2 + 
(1−x)PS5/2] glasses. 
1.4.2  Experimental Methods and Characterization 
1.4.2.1 Sample Preparation 
All syntheses were carried out in a high purity N2 glove box, where O2 and H2O 
levels are below 10 ppm. Since high purity Na2S is not commercially available, it was 
synthesized in our laboratory by the thermal decomposition of Na2S∙9H2O. The 
Na2S·9H2O was placed in a vitreous carbon crucible that is placed in a hermetic stainless 
steel reaction chamber. This reaction chamber was then placed in a crucible furnace so 
that the sample was within the heated zone of the furnace and part of the reaction 
chamber extended outside the furnace. The reaction chamber was then sealed with a 
water cooled stainless-steel top that uses a rubber o-ring to hermetically seal the top to 
the reaction chamber and connected to a vacuum pump. A liquid nitrogen cooled trap was 
connected between the reaction chamber and the vacuum pump to trap the volatized 
water before it entered the vacuum pump. The hydrated crystalline material was then 
slowly heated under vacuum, ~ 30 mbar, up to 150 °C over a period of at least two hours, 
after which the temperature was slowly increased to 650 °C, held for approximately 20 
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hours, and then slowly cooled to room temperature. The reaction chamber was 
disconnected from the vacuum line and still under vacuum and containing the now 
dehydrated Na2S was transferred to the glove box, vented, and unloaded. IR spectroscopy 
and x-ray diffraction (XRD) were used to confirm the absence of contaminate oxides and 
the phase purity of the Na2S, respectively, of the material.  
High purity glassy GeS2 was also prepared in our laboratory by reacting 
stoichiometric amounts of germanium powder and sulfur in an evacuated silica ampoule 
at 900 °C for approximately 16 hours. The ampoule was air quenched to room 
temperature and glassy GeS2 was obtained. Phosphorus pentasulfide (P2S5) is 
commercially available and was used as received (99.9% Sigma-Aldrich). 
Glass batches of 3-4 grams were made by combining appropriate amounts of the 
starting material powders to create the yNa2S + (1−y)GeS2 and yNa2S + (1−y)PS5/2 
glasses, where the thiophosphate glass was milled in a planetary mill to minimize 
evaporation of PS5/2 by a pre-reaction of the Na2S and PS5/2. The ternary yNa2S + 
(1−y)[xGeS2 + (1−x)PS5/2] glasses were prepared by mixing the appropriate ratio of 
binary yNa2S + (1−y)GeS2 and yNa2S + (1−y)PS5/2 glasses. These mixtures were then 
melted in covered vitreous carbon crucibles inside a mullite muffle tube furnace at 550-
800 °C, where lower temperatures were used for the thiophosphate glasses and the higher 
temperatures were used for the thiogermanate glasses, hermetically connected to the side 
of the glove box for 3-5 minutes. The samples were then removed from the furnace and 
allowed to cool inside the crucible. Mass losses were recorded and in all cases found to 
be less than 2 wt% and the glasses were then remelted at the same temperature for an 
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additional three minutes and quenched to room temperature between brass plates (> 10
4
 
°C/s). All samples were transparent and showed no visual signs of crystallization and/or 
phase separation. 
1.4.2.2  Glass Transition Temperatures 
Differential Scanning Calorimetry, DSC, measurements were run using a Perkin-
Elmer Pyris 1 DSC that had previously been calibrated to the indium melting point 
(±1 
o
C) on ~20 mg samples hermetically sealed in aluminum sample pans. Scans on the 
as-quenched glass were heated and cooled at a rate of 20 
o
C/min. For each composition 
two samples were prepared and examined by DSC, the first of which was heated from 
room temperature past the Tg of the glass until crystallization onset. The second sample 
pan was then heated from room temperature to 20-50 °C above the Tg of the glass but 
below the crystallization onset temperature, Tc, cooled to room temperature, heated above 
the Tg, cooled to room temperature, and finally heated past the Tg of the glass until 
crystallization onset. This temperature cycling ensured a common thermal history for all 
glass compositions. Tgs were then determined by averaging three calculated onset 
temperatures from the final heating step. 
1.4.2.3 Ionic Conductivity 
Bulk samples with a diameter of ~24 mm and thickness of ~2 mm were polished 
to optical transparency and sputtered with gold electrodes with a diameter of ~13 mm. 
The complex impedance spectra were measured using a Novocontrol Technologies 
Concept 80 impedance spectrometer from 0.1 Hz to 3 MHz and temperatures from -50 °C 
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to 150 °C. The temperature was held within ±0.5 °C of the nominal set point for three 
minutes prior to data collection to stabilize the temperature. 
Dielectric materials experience strong polarization, and good ion conductors 
experience space charge polarization, making a direct DC conductivity measurement 
experimentally challenging. For this reason, DC conductivities are often determined from 
AC measurements over a range of frequencies. The DC conductivities in thesis were 
determined by fitting the complex impedance arc using Equation 1-11, to determine the 
resistance,  , of the sample. Equation 1-11 models the impedance, Z, of a resistor in 
parallel with a constant phase element,  , where   is √  ,   is the angular frequency, 
and   is an exponent that ranges from 0 to 1. Once the bulk resistance is determined, the 
DC conductivity,    , can be determined with the sample thickness,  , and electrode area, 
 , using Equation 1-12. 
  
 
    (  ) 
 Equation 1-11 
    
 
 
 
 
 
 Equation 1-12 
1.4.2.4 Density 
Densities were determined using the Archimedes method on annealed bulk glass 
samples inside the high purity N2 glove box. The immersion fluid used was mineral oil 
(Fisher Scientific) with a measured density of 0.866 ± 0.001 g/cm
3
. The density of the 
mineral oil was determined before each measurement using a stainless steel calibration 
sphere of known density. In this way, slight fluctuations in the density due to temperature 
or contamination could be monitored and avoided. Sodium metal flakes were submerged 
14 
 
in the mineral oil to capture dissolved oxygen and moisture during storage in the glove 
box. Before each density measurement, the fluid density was determined. Replicate 
measurements on three samples were averaged for each glass composition and the 
accuracy of the density measurements was found to ± 0.01 g/cm
3
. 
 
1.4.2.5 Raman Spectroscopy 
A Renishaw inVia Raman spectrometer employing a 488 nm Ar
+
 laser was used 
to collect the Raman spectra from 100 to 3200 cm
-1
 using using a 20X objective and 10 
mW of power. For each sample, 3 scans were added to improve the signal to noise ratio. 
An internal silicon reference was used to calibrate the instrument, where the silicon mode 
at 520 cm
-1
 was reproducible to within ± 1 cm
-1
. Small glass pieces were placed into a 
small plastic sample holder and covered with transparent tape to prevent exposure to air. 
The microscope was focused through the tape onto the surface of the glass pieces. The 
reproducibility of the Raman spectra while focusing on multiple spots across the samples 
was further evidence of sample homogeneity. 
1.4.2.6 Infrared Spectroscopy 
Mid-IR spectra were collected using a Bruker IFS 66 v/s spectrometer in the 
range of 4000 to 400 cm
-1
 using a KBr beamsplitter.  The IR spectra were obtained using 
32 scans at 4 cm
-1
 resolution.  Far-IR spectra were collected in the same manner from 600 
to 130 cm
-1
 using a germanium-coated Mylar beamsplitter.  To assist in handling and 
loading these air sensitive samples, the spectrometer is equipped with a small glovebox 
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ante-chamber that is purged with N2 gas.  Samples were held in this small ante-chamber 
until loaded into the spectrometer where the spectra were taken under vacuum.  The IR 
spectra of the samples were taken by diluting the finely ground glass powder to 
approximately 2% in finely ground and carefully dried CsI and then pressed into small 
pellets. 
1.4.2.7 Magic Angle Spinning – Nuclear Magnetic Resonance (MAS-NMR) 
Single pulse 
31
P nuclear magnetic resonance studies were performed at 242.9 
MHz on a Bruker Avance II 600 spectrometer, equipped with a multinuclear MAS probe 
from Bruker. Finely ground samples loaded inside the glove-box were spun within 
zirconia 2.5 mm rotors at 22-25 kHz, depending on the sample unless otherwise noted. 
Spectra were collected using 128-256 scans, a 2 µs, 72° pulse length, and 100-300 s 
recycle delay. Chemical shifts were externally referenced to 85% (aq.) H3P04. 
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1.6 Figures 
Figure 1-1. Binding energy,    , calculated from Equation 1-7 versus the radius of the 
mobile ion. The binding energy term is inversely proportional to the radius of 
the mobile cation, which leads to a reduction in     for larger mobile 
cations. 
Figure 1-2. Comparison of strain energies,    , calculated using Equation 1-8 from the 
original Anderson-Stuart model and calculated using Equation 1-9 as 
suggested by McElfresh and Howitt. Equation 1-8 predicts a reduction in the 
strain energy for    
 
 
 , a physically unrealistic outcome, while Equation 
1-9 appropriately predicts a large energy barrier in the limit of small doorway 
radius. 
Figure 1-3. Total activation energy,    , calculated with Equation 1-10.  
Figure 1-4. Ternary phase diagram of the 0.5Na2S + 0.5[xGeS2 + (1−x)PS5/2] glass series 
examined in this thesis. 
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2.1 Abstract 
yNa2S + (1−y)PS5/2 glasses have been prepared by melt quenching and two 
transparent glass forming regions exist, at 0.33 ≤ y ≤ 0.55 and at y = 0.65. Further, 
stoichiometric polycrystalline compounds have been prepared by melting and slow 
cooling at compositions of y = 0.33, 0.5, and 0.6. The short range order structures of the 
glasses and the polycrystals have been examined using both Raman and infrared (IR) 
spectroscopies. As expected from the meta-thiophosphate composition, y = 0.33, NaPS3 
consists primarily of chains of corner shared (NaS)PSS2/2, P
2
, units, but there is evidence 
of a small fraction of edge-shared tetrahedra that form dimers of composition Na2P2S6. 
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2
 Undergraduate research assistant 
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For the y = 0.5 pyro-thiophosphate composition, Na4P2S7, as seen for other pyro-
phosphate stoichiometries, two P
1
 units, (NaS)2PSS1/2, are corner shared to form the 
overall Na4P2S7 composition. However, the Raman spectroscopy of this phase also shows 
that a small fraction of the Na4P2S7 groups lose the bridging sulfur between the two 
(NaS)2PSS1/2 units to create a small number of Na4P2S6 groups, identified as P
1P
groups, 
thereby creating small numbers of homoatomic P–P (in the Na4P2S6 units) and S–S 
(presumably in loose S8 units) bonds. At y = 0.6, the ortho-thiophosphate structure, 
Na3PS4, is formed where all of the sulfurs are non-bridging and are terminated by Na+ 
ions. For all of these compositions, spectral evidence suggests that a limited fraction of 
the P is involved in P–P bonds and that a small amount of P4Sx molecular cages which 
may contain P
3
, PSS3/2, and P
:3
, PS3/2, units may exist at all compositions. It is further 
found that each stoichiometric composition, y = 0.33, 0.5, and 0.6, exhibits structural 
polymorphs, leading to a broader distribution of phosphorus sites and a tentative 
description of these polymorphs is presented. From these spectral assignments for the 
polycrystalline stoichiometric compositions, a simple structural model of the glasses has 
been developed using normal vibrational mode assignments to interpret the Raman and 
IR spectra of the glasses. As y increases from 0.33 to 0.65, the progressive formation and 
substitution of chain forming P
2
 groups, P
1
 dimers, and depolymerized P
0’s can account 
for the majority of P structures, where P
i
 denotes a P group with i number of bridging S 
atoms, across both the low and high Na2S glass forming ranges. 
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2.2 Introduction 
In light of the growing demand for clean, carbon-free, and renewable energy, safe, 
reliable, and cost-effective energy storage systems are required. Indeed, global 
conversion and consumption of energy is currently ~13 TW and this value is forecasted 
to climb to ~30 TW by 2050 [2, 3]. Not only is the typical electrical power profile highly 
temporal, but renewable energy sources, chiefly solar and wind, are also cyclic in nature 
[2, 4-6]. In order to meet this temporal demand, new electrical energy storage 
technologies and devices are critically needed. 
Despite the commercial success of rechargeable lithium-ion batteries, they depend 
on liquid electrolytes that can foster lithium dendrite growth which leads to severe safety 
problems with these batteries [5, 7]. While solid electrolytes may offer a solution to this 
problem by inhibiting dendrite growth, the challenge is to find solid electrolytes with 
sufficient alkali-ion conductivities (σalkali > 10
-4
 S/cm at 25 °C) [7]. Alkali ion conducting 
glasses are of particular interest for use as solid electrolytes since they can improve 
chemical durability and in some cases improve alkali ion conductivity [8-11]. 
Further, some questions have been raised recently regarding the availability of 
lithium. Specifically, current United States mining levels for lithium are low, and current 
reserves are less than three percent of the known global reserves [6]. Sodium, however, is 
the sixth most earth abundant element, roughly 2.6% of the Earth's crust by weight [12]. 
As such, sodium may be an economically viable option for alkali-ion batteries. The low 
melting point of sodium raises some safety concerns [5], but for many applications the 
available temperature range for a sodium battery is more than sufficient. 
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Solid state batteries require highly conductive, stabile, and durable solid 
electrolytes. Glassy solid electrolytes are known to have among the highest of all ionic 
conductivities [13, 14]. A rare coincidence of high ionic conductivity with improved 
physical and electrochemical properties of glassy electrolytes can be achieved by mixing 
two glass former cations or by mixing two glass former anions at constant fraction of the 
mobile cation, known as the mixed glass former effect (MGFE) [10, 15-18]. Such 
optimized mixed glass former (MGF) glassy solid electrolytes may be excellent 
candidates from which next generation solid state electrolytes can be developed. 
For these reasons, we have begun an in-depth study of the MGFE in oxide and 
sulfide glasses. Currently, structures and properties of sodium modified MGF systems 
that include B2O3, SiO2, P2O5, SiS2, GeS2, and P2S5 glass formers are being characterized 
in an effort to better understand and use the MGFE to enable optimized solid electrolytes 
for next generation alkali ion batteries. The sulfide anion was chosen for study due to the 
fact that such sulfide glasses have significantly higher alkali ion conductivities compared 
to their oxide counterparts [10]. Amorphous materials and glass-ceramics in the Li2S + 
P2S5 system, for example, exhibit ionic conductivities of 10
-4
 S/cm and greater. Further, 
these materials can be prepared by both melt-quenching and high-energy ball milling 
methods [19-23]. Ball milling, in particular, is an attractive synthesis route for large-
scale, low cost electrolyte production. This, in addition to the accessibility of the 
31
P 
nucleus for nuclear magnetic resonance (NMR) spectroscopy, makes P2S5 an attractive 
glass former for study. 
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In order to understand the behavior of the ternary glasses, a good knowledge of 
the structures present in the binary glass systems is required. Also, when batching 
glasses, formulas of the glass-forming compounds are reduced to forms where the 
stoichiometric ratio of the glass-forming cation has a value of unity. For example, P2S5 is 
often denoted PS5/2 so that a single glass forming cation is exchanged for another in the 
system yNa2S + (1−y)[xGeS2 + (1−x)PS5/2]. Although the Li2S + PS5/2 system has been 
prepared by both melt quenching and mechanical milling and structurally characterized, 
the analogous sodium system has not been studied in detail. Indeed, conflicting glass 
forming ranges (amorphous to X-rays) for the yNa2S + (1−y)PS5/2 system have been 
reported. For example, Ribes et al. report a range of 0 ≤ y ≤ 0.5, while Maier and van 
Wazer report a range of 0 ≤ y ≤ 0.64 [24, 25]. Maier and vanWazer further report that the 
lower sodium content glasses, y < 0.5, are translucent, indicating either liquid–liquid 
phase separation or that insufficient quenching rates lead to partial crystallization, while 
higher sodium content glasses, y > 0.5, are transparent [24] and apparently fully 
homogeneous. These results are consistent with our work, to be reported below, in which 
there are two transparent glass-forming regions, 0.33 ≤ y ≤ 0.55 and a small high alkali 
region near y = 0.65. 
As a first study of the yNa2S + (1−y)PS5/2 glasses, we have used IR and Raman 
spectroscopies to examine the structures of these glasses. These complementary 
techniques are very useful in identifying short range orders (SROs), the first coordination 
sphere around the glass forming cations, in glass where the IR and Raman active 
vibrational modes can be used to help to identify the various SROs present in the glasses. 
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A further study will be published separately of the structures of these glasses using MAS 
NMR spectra, as well as a study of the composition dependence of the glass transition 
temperatures (Tgs), densities, and ionic conductivities of these glasses. 
2.3 Experimental Methods 
2.3.1 Sample Preparation 
All syntheses were carried out in a high purity N2 glove box, where O2 and H2O 
levels are below 10 ppm. Since high purity Na2S is not commercially available, it was 
synthesized in our laboratory by the thermal decomposition of Na2S∙9H2O. The 
Na2S·9H2O was placed in a vitreous carbon crucible that is placed in a stainless steel 
reaction chamber. This reaction chamber was then placed in a crucible furnace so that the 
sample was within the furnace and part of the reaction chamber extends outside the 
furnace. The reaction chamber was then sealed with a water cooled rubber o-ring top and 
connected to a vacuum pump. The hydrated crystalline material was then slowly heated 
under vacuum up to 150 °C over a period of at least two hours, after which the 
temperature was slowly increased to 650 °C and held for approximately 20 h. The 
reaction chamber containing the now dehydrated Na2S was transferred to the glove box 
and unloaded. IR spectroscopy and X-ray diffraction (XRD) were used to confirm the 
absence of contaminate oxides and the phase purity, respectively, of the material. 
Phosphorus pentasulfide (P2S5) is commercially available and was used as received 
(99.9%, Sigma-Aldrich). 
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Glass batches of 3–4 g were made by combining appropriate amounts of the 
starting material powders to create the yNa2S + (1−y)PS5/2 glasses. The mixtures were 
ball milled for 20min inside the glove box to ensure that the powders are very fine and 
thoroughly mixed. These mixtures were then melted in covered vitreous carbon crucibles 
inside a mullite muffle tube furnace at 550–800 °C, depending on the glass composition, 
hermetically connected to the side of the glove box for 3–5 min. The samples were then 
removed from the furnace and allowed to cool inside the crucible. Mass losses were 
recorded and in all cases found to be less than 1 wt.% and the glasses were then remelted 
at the same temperature for an additional three minutes and quenched to room 
temperature between brass plates. All samples were transparent, exhibiting yellow to 
orange colors, and showed no visual signs of crystallization and/or phase separation. 
Previous work in our research group on similar sulfide glasses has shown that 
while the combined melting time is only 6 min, we have obtained thoroughly 
homogeneous and fully reacted melts under these melting conditions. These melts have 
low viscosities, estimated to be in the range of just a few hundred Pa·s, and as such 
equilibrate quickly. This low viscosity is presumed to be in part the reason why these 
compositions are only weakly glass forming requiring quenching to achieve the glassy 
state, over the rather limited composition range we have observed here. 
Melting these same compositions inside vacuumed sealed vitreous silica tubes 
was initially attempted, but the quartz ampoules became cloudy on the interior surface, 
which was taken to imply reaction with the ampoule. Additionally, the quenching rates 
achieved through sealed ampoule preparation were insufficient to yield homogeneous 
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glassy samples, which therefore required a second melting in the glove box. 
Temperatures exceeding 900 °C and melting times of greater than ten minutes were 
required at this point to effectively remelt the samples and this led to excessive weight 
losses of 10–20%. As described above, these ionic chalcogenides are very low viscosity 
liquids and as such, combined with the double melting technique used to prepare them, 
their optically clear nature and their XRD amorphous diffraction patterns are believed to 
be homogeneous fully glassy phases. 
Due to the varying melting and sublimation temperatures of the starting materials, 
some of the compositions exhibited mass losses above 1%. This is of particular concern 
when y values are low, y ≤ 0.5. At higher y values, the high vapor pressure of the glass 
former PS5/2 is effectively reduced by the modifier, Na2S, and mass loss is negligible. To 
reduce melting times, increase melt homogeneity, and reduce melt vaporization for y ≤ 
0.5, yNa2S + (1−y)PS5/2 amorphous materials were prepared by first mechanically milling 
using a planetary mill to initiate pre-reaction of the starting materials prior to melting in 
carbon crucibles. By adding this milling step, mass losses could be reduced to less than 
1%. 
In order to help assign the vibrational modes of the various SRO structures in the 
glasses partially crystalline samples were also prepared at the stoichiometric ratios of 
y=0.33, 0.5, and 0.6 where SRO structures are expected to correspond, to the P
2
 group, 
NaPS3, the P
1
 group, Na2PS7/2, and the P
0
 group, Na3PS4, where P
i
 denotes a P group with 
i number of bridging S atoms. The glasses of these compositions were heated to a 
temperature just above the onset of the first crystallization exotherm, identified by 
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differential scanning calorimetry (DSC), and held for 24 h. The nearly fully crystalline 
samples were then slowly cooled at 1 °C/min to room temperature. 
2.3.2 Raman Spectroscopy 
A Renishaw inVia Raman spectrometer employing a 488 nm Ar
+
 laser was used 
to collect the Raman spectra. An internal silicon reference was used to calibrate the 
instrument, where the silicon mode at 520 cm
-1
 was reproducible to within ±1 cm
-1
. Small 
glass pieces were placed into a small plastic sample holder and covered with transparent 
tape to prevent exposure to air. The microscope was focused through the tape onto the 
surface of the glass pieces. The reproducibility of the Raman spectra while focusing on 
multiple spots across the samples was further evidence of sample homogeneity. 
Polarization measurements, while useful in identification of certain Raman modes, was 
not available and therefore was not performed. However, from the symmetry analysis of 
the various modes of the various SRO groups present in these glasses and polycrystals, it 
was determined that this was not necessary to develop a structural model for the 
yNa2S + (1−y)PS5/2 glasses. 
2.3.3 IR Spectroscopy 
Mid-IR spectra were collected using a Bruker IFS 66 v/s spectrometer in the 
range of 4000 to 400 cm
-1
 using a KBr beamsplitter. The IR spectra were obtained using 
32 scans at 4 cm
-1
 resolution. Far-IR spectra were collected in the same manner from 600 
to 130 cm
-1
 using a germanium-coated Mylar beamsplitter. To assist in handling and 
loading of these air sensitive samples, the spectrometer is equipped with a small glove 
32 
 
box ante-chamber that is purged with N2 gas. The samples were held in this small ante-
chamber until loaded into the spectrometer where the spectra were taken under vacuum. 
The IR spectra of the samples were taken by diluting the finely ground glass powder to 
approximately 2% in finely ground and carefully dried CsI and then pressed into small 
pellets. 
2.4 Results 
2.4.1 Polycrystalline Phases, y = 0.33, 0.5 and 0.6 
While both glasses and crystalline phases were examined in this study, we begin 
with the vibrational mode assignments of the expected stoichiometric compounds in the 
yNa2S + (1−y)PS5/2 series. The stoichiometric compounds in this system are comprised at 
root of the compositionally dependent SRO structures presented in Figure 2-1. From the 
phase diagram [26], at least three thiophosphate compounds are known and expected. 
Nominally, the y = 0.33 composition is the meta-thiophosphate compound (NaPS3, P
2
), 
the y = 0.5 composition is the pyro-thiophosphate compound (Na4P2S7, P
1
), and the 
y = 0.6 composition is the ortho-thiophosphate compound (Na3PS4, P
0
). The Raman 
spectrum of Na2S, y = 1.0, consists only of a broad featureless mode at ~190 cm
-1
 and the 
IR spectrum consists of a mode at 220 cm
-1
 with a significant high frequency shoulder, 
both of which arise from the vibration modes of the Na
+
 cation in a S
=
 anion cage. IR and 
Raman spectra of these polycrystalline phases are reported in Figure 2-2 and mode 
assignments for the anionic structures found in y = 0.33, 0.5 and 0.6 polycrystalline 
samples are listed in Table 2-1. 
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2.4.2 Glass Forming Compositions 
Raman and IR spectra of the yNa2S + (1−y)PS5/2 glasses are shown in Figure 2-3 
and Figure 2-4, respectively. Table 2-2 lists the modes present in the glass samples and 
the SRO group to which they correspond. Based on the proposed phosphorus structures in 
Figure 2-1, the y = 0.33 composition is expected to have two bridging sulfurs, P
2
, for 
each phosphorus atom; the y = 0.5 glass is expected to have one bridging sulfur, P
1
, and 
the y = 0.65 glass contains 0.357 more moles Na2S per mole of Na3PS4 than the ortho-
thiophosphate composition of y = 0.6, where the phosphorus–sulfur group is completely 
depolymerized and all sulfurs are terminated by sodium ions, the P
0
 group. Compositions 
that lie between stoichiometric compositions are expected to exhibit SROs of both less 
highly modified and more highly modified stoichiometric compositions. For example, the 
y = 0.4 glass is expected to be composed of P
2
 and P
1 
SROs, and the y = 0.55 glass is 
expected to be composed of P
1
 and P
0
 SROs. 
2.5 Discussion 
2.5.1 Polycrystalline Phases, y = 0.33, 0.5 and 0.6 
Unlike the well-known behavior of the NaPO3 phase  where the P
2
 (NaO)POO2/2 
SRO structures form long chains of corner shared tetrahedra, Eckert et al. [27] used MAS 
NMR of the analogous lithium system, to show that crystalline lithium meta-
thiophosphate, LiPS3, consists of edge-sharing phosphorous tetrahedra. This behavior has 
also been seen in thallium-modified [28, 29], silver-modified [30], and indeed, even in 
the sodium-modified phosphorus being studied here [31]. For these edge-sharing 
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tetrahedra, a dimeric group, which we will denote as the P
2’
 group, is formed and 
accounts for all phosphorus tetrahedra at the y = 0.33 composition in the polycrystalline 
phase. This structural unit has D2h symmetry, noting that the terminal non-bridging 
sulfurs are roughly equivalent due to resonance. The 18 normal modes of vibration for 
the D2h point group are listed below. 
Γ = 4Ag + 2B1g + 2B2g + B3g + Au + 3B1u + 2B2u + 3B3u 
It should be noted that the Au mode is not IR or Raman active leaving only 17 
expected bands, eight of which are IR active and nine are Raman active. Since this 
assumed symmetry is centro-symmetric, the Raman and IR bands are mutually exclusive. 
The P
2’
 group is composed of four terminal sulfurs, St’s and one P2S2 ring. Separate 
vibrational signatures arise from St and the P2S2 ring. The vibrational bands found in this 
study compare well with those found in the studies by Queignec et al. [30] and Tranquille 
and Fouassier [32]. Further, our assignments presented here are in agreement with those 
of Gjikaj et al. [31]. In the Raman spectrum of this composition, the dominant St modes 
are centered at 650, 258, and 239 cm
-1
. These bands are assigned to B2g asymmetric 
stretching, B1g deformation, and B1u deformation of the terminal and bridging sulfur that 
are bridged by phosphorus St–P–Sb, respectively, where Sb is bridging sulfur –S–P. The 
dominant St IR mode centered at 668 cm
-1
 is assigned to the B1u asymmetric stretching 
mode. P2S2 ring stretching bands in the IR spectrum, B2u and B3u, are centered at 540 and 
392 cm
-1
, respectively. B3u ring torsion occurs at 260 cm
-1
 in the IR spectrum. The 
strongest bands in the Raman spectrum are located at 422 and 387 cm
-1
.  The mode at 422 
cm
-1
 is assigned to the Ag symmetric stretching mode of the phosphorus tetrahedra.  The 
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mode at 387 cm
-1
 is not reported in the spectra reported by Gjikaj et al. [31], which may 
imply that our sample was not fully crystallized. Another possibility is that since we 
formed a polycrystalline sample directly from the glassy phase, perhaps another partially 
crystalline phase analogous to Na3P3O9 is present. Due to these possibilities, we assign 
this mode to the symmetric stretching of the P
2
 group. Modes near 420 and 390 cm
-1
 are 
also present in the Raman spectrum of P4S9, which is a common impurity phase in P4S10 
and has three P
3
 units and one P
:3
 unit shown in Figure 2-1, where the latter has no 
doubly-bonded terminal sulfur [33, 34]. 
This implies that in the melt a small amount of the terminal sulfur can be mobile, 
that is breaking away from the phosphorous center and rebonding to S, for example, to 
form polysulfide structures, –S–S–. These bands at 420 and 390 cm-1 may, therefore, arise 
from a combination of the P
2’
, P
2
, and P4Sx molecular cages.  Representations of P4Sx 
cage molecules are shown in Figure 1 of Reference [35] by Jason et al. 
The IR and Raman spectra of the y = 0.5 polycrystalline composition indicate that 
the P
1
 anion belongs to the Td point group. This behavior differs with that of the 
analogous lithium system where Eckert et al. [27] used MAS NMR to show that upon 
crystallization, the bridging sulfur was volatilized, yielding Li4P2S6, P
1P
. The Td point 
group has the following vibrational modes: 
Γ = A1 + E + 2T2 
Triply degenerate T2 asymmetric stretching of PS4 tetrahedra gives rise to a strong 
IR band and a weak, broad Raman band near 605 cm
-1
. A strong Raman mode at 402 cm
-
1
 is assigned to the A1 symmetric stretching mode which compares well with the work of 
36 
 
others on the analogous lithium thiophosphate system [36, 37]. E deformation can be 
seen in modes lying between 235 and 250 cm
-1 
in the Raman spectrum. IR and Raman 
modes near 280 cm
-1 
are assigned to T2 deformation. The strong mode centered at 467 
cm
-1
 in the IR spectrum is due to asymmetric stretching of the bridging sulfur in P
1
 
dimeric groups. 
At the y = 0.6 composition, the structure is nominally expected to be Na3PS4, and 
this SRO structural group, as shown in Figure 2-1, has Td point group symmetry. Again, 
only the two T2 modes are IR active, while all four modes are Raman active. Raman 
modes at 534 and 558 cm
-1
 and the IR mode at 542 cm
-1
 are assigned to T2 asymmetric 
stretching of the tetrahedral units [37, 38]. The A1 symmetric stretching mode is centered 
at 413 cm
-1
 in the Raman spectrum [22, 37, 38] while a very weak mode in the Raman 
spectrum at 235 cm
-1
 is assigned to E deformation and the T2 deformation mode is 
centered near 280 cm
-1 
in the Raman and IR spectra. 
2.5.2 Glass Forming Compositions 
yNa2S + (1−y)PS5/2 compositions form transparent homogeneous glasses for 
0.33 ≤ y ≤ 0.65 except for a small non-glass-forming region around the composition 
y = 0.6 (Na3PS4). The composition dependence of the SRO structures of the yNa2S + 
(1−y)PS5/2 glasses is fully described by those found in the y = 0.33, y = 0.5, and y = 0.6 
crystalline samples. The intermediate composition y = 0.4 contains elements of both the 
y = 0.33 and y = 0.5 compositions. Likewise, the y = 0.55 glass contains structural 
elements of the y = 0.5 and y = 0.6 compositions. 
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As Figure 2-1 shows, for the y = 0.33 composition, there is one Na
+
 ion per 
phosphorus. In other words, phosphorus has two bridging sulfurs. At this composition, 
the majority of the phosphorus sites may, therefore, be expected to form dimers of edge-
sharing tetrahedra as seen in crystalline NaPS3; however, as noted above the spectra of 
our polycrystalline samples contain additional modes to those reported by Gjikaj et al. 
[31]. A plausible explanation for these additional modes is that chains of corner-sharing 
tetrahedra also form in the melt as in the well-known behavior of the NaPO3 phase. 
Normal vibrational modes for the Td point group can adequately model the symmetry of 
the phosphorus polyhedra in P
2
 chains. 
Γ = A1 + E + 2T2 
Only the two T2 modes are IR active, while all four modes are Raman active. The 
broad mode at 667 cm
-1
 is assigned to T2 asymmetric stretching of St’s. The IR spectrum 
also has a low wavenumber shoulder of this band which is not reported in the literature. 
Upon crystallization of the y = 0.33 glass, a distinct mode is observed at 635 cm
-1
 in the 
IR spectrum, which we attribute to P
2
 groups in ring structures. A1 symmetric stretching 
modes appear as a doublet centered at 387 and 367 cm
-1
. E deformation can be seen in 
modes lying between 235 and 250 cm
-1
 and the T2 deformation mode lies between 260 
and 330 cm
-1
. Unfortunately, many phosphorus and sodium sulfides have modes in these 
low frequency regions, rendering them somewhat unhelpful for differentiating various 
structural groups. The strong mode 490 cm
-1
 in the IR spectrum of glassy NaPS3 is 
attributed to bridging sulfur in P
2
 chains. 
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These results indicate that the y = 0.33 composition has two major structural 
groups, P
2
 and P
2
, which are estimated to account for approximately 70% and 20% of the 
phosphorus environments, respectively. The remaining 10% of the phosphorus are 
thought to reside in P
1
, P
1P
, or P4Sx molecular cages, for which spectral evidence exists. 
P
1
 and P
1P
 structures are over-modified by Na
+
 for this composition, and must be 
counterbalanced by P4Sx, which is under-modified for this composition, to maintain 
charge neutrality.
 
Addition of Na2S to NaPS3 leads to the formation of Na4P2S7, the P
1
 SRO group. 
This behavior is similar to that of the oxide analogs where two phosphorus tetrahedra are 
linked by a Sb. The IR and Raman spectra of the y = 0.5 composition indicate that the P
1
 
anion belongs to the Td point group. Common IR and Raman bands are due to triply 
degenerate T2 asymmetric stretching of PS4 tetrahedra near 605 cm
-1
. A second strong 
Raman mode at 402 cm
-1
 is assigned to the A1 symmetric stretching mode. These 
assignments compare well with the work of others on the analogous lithium 
thiophosphate system [36, 37]. E deformation can be seen in modes lying between 235 
and 250 cm
-1
 and the mode near 280 cm
-1
 is assigned to T2 deformation. The strong mode 
near 460 cm
-1
 in the IR spectrum of the y = 0.5 glass is attributed to bridging sulfur in P
1
 
dimeric groups. Evidence of a limited amount, approximately 10% of all phosphorus, of 
P
1P
 anions exists as a shoulder near 380 cm
-1
 in the Raman spectrum due to the 
symmetric stretching of P-St bonds. Further P
1P
 assignments from Cyvin et al. are 
reported in Table 2-1. Furthermore, P
1P
 groups are sulfur deficient (see Figure 2-1) and 
the negligible weight loss during sample preparation implies that excess sulfur is retained 
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in the glass structure, potentially in the form of polysulfides, possibly evidenced by the 
broad features between 470 and 500 cm
-1
 [39-41]. 
Although the y = 0.6 composition is not glass forming, a glass can be formed at 
y = 0.65, nominally Na3PS4 + 0.357Na2S. It is presumed that this composition consists 
structurally of 73% P
0
 structures and 27% Na2S. The vibrational modes assigned above to 
the P
0
 group compare well with the IR and Raman spectra for the glass, except that the A1 
symmetric stretch is now shifted to slightly higher frequency. The Raman spectrum does 
not show conclusive evidence of Na2S, which has one sharp mode near 190 cm
-1
, as seen 
in Figure 2-2. Further, the low frequency IR mode at 200 cm
-1 
does not overlap the strong 
mode from the Na2S spectrum which occurs at 220 cm
-1
. To better understand the 
structure of this glass, the glass was annealed just above Tg in order to partially crystallize 
it. Upon crystallization, the Raman spectrum for the glass, shown in Figure 2-5, changes 
dramatically. The A1 symmetric stretch is shifted to 412 cm
-1
, as seen in Na3PS4, a sharp 
band is formed at 451 cm
-1
, and weak broader features near 474 and 220 cm
-1
 appear. The 
band at 451 cm
-1
 may be attributable to β-Na2S2, and the 474 and 220 cm
-1
 bands are 
indicative of pure sulfur [41]. It is possible that the appearance of β-Na2S2 and the shift of 
the A1 symmetric stretching mode of the P
0
 group upon crystallization are correlated. The 
existence of polysulfides would suggest that some fraction of P
0
 tetrahedra are sulfur 
deficient. For this reason, we propose that the doubly bonded sulfur on the P
0
 group can 
be mobile in the melt and is lost from the P
0
 group, forming the P
:0 
group as shown in 
Figure 2-1. If all excess Na2S above the y = 0.6 stoichiometry were converted to Na2S2, 
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roughly 35.7% of the P
0
s would need to be converted to P
:0
s. This implies that the ratio of 
P
0
 to P
:0
 is likely 2:1 or greater. 
2.6 Conclusions 
yNa2S + (1−y)PS5/2 glasses have been prepared and their Raman and IR spectra 
were collected and interpreted in terms of the various SRO phosphorous sulfur 
polyanions. There are two transparent glass forming regions, at 0.33 ≤ y ≤ 0.55 and at 
y = 0.65. Perhaps greater quenching rates could extend the transparent, homogeneous 
glass-forming range—especially to low-alkali compositions y ≤ 0.33. At the meta-
thiophosphate composition, y = 0.33, of glass a majority of the phosphorus tetrahedra 
form corner-shared chains, and a significant minority of the phosphorus tetrahedra form 
edge-shared dimeric groups. Sodium pyro-thiophosphate, y = 0.5, forms Na4P2S7 dimers 
which account for nearly all phosphorus tetrahedra at this composition, indicating that 
this structural group is highly stable, minimizing speciation. The structures of the 
intermediate composition of y = 0.4 include P
2
 and P
2’
 units and P
1
 and P
1P
 units. The 
y = 0.65 glass has predominantly P
0
 groups with additional sodium sulfide. The structures 
present are rather similar to those of the analogous oxides with a couple of key 
differences. First, there is evidence of edge-sharing tetrahedra in the meta-thiophosphate 
composition. Second, the stability of S–S bonds in the condensed phase leads to minority 
phosphorus structures P
1P
 and possibly P
:0
. 
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2.9 Tables 
Table 2-1. Vibrational spectra mode assignments for yNa2S + (1-y)PS5/2 polycrystalline 
samples; 
a
 further compared with [30]; 
b
 further compared with [30, 36, 37];
 c
 
further compared with [37, 42, 43]; 
d
 further compared with [36-38]. 
Table 2-2. Vibrational modes present in the yNa2S + (1−y)PS5/2 glasses and their 
corresponding SRO assignment. 
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2.10 Figures 
Figure 2-1. Proposed local phosphorus environments present in the yNa2S + (1−y)PS5/2 
glasses and polycrystals. 
Figure 2-2. Raman and IR spectra of y = 0.33, y = 0.5, y = 0.6, and Na2S polycrystalline 
samples. 
Figure 2-3. Raman spectra of the yNa2S + (1−y)PS5/2 glasses. 
Figure 2-4. IR spectra of the yNa2S + (1−y)PS5/2 glasses. 
Figure 2-5. Raman spectra of the 0.65Na2S + 0.35PS5/2 glassy and polycrystalline 
samples compared with Na2S. (1/8)S8 reproduced from Ref. [38]. 
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Table 2-1 
y=0.33 
P
2'
 
Assignment 
y=0.5 
P
1
 
Assignment 
P
1P
 
Assignment 
y=0.6 
P
0
 
Assignment 
Raman IR D2h [31]
a
 Raman IR Td
b 
D3d [44]
c
 Raman IR Td 
d
 
 
668 B1u, νas PS2   
 
    
650 
 
B2g νas PS2   
 
    
    
604 T2 νas PS4     
599 
 
Ag νs PS2   
 
    
    
585  Eu νas PS3    
   
578 
 
 Eg νas PS3    
   
557 
 
 A1g νs P-P    
551 
 
B3u νas PS2   
 
    
 
540 B2u νring   
 
    
     
 
 
534, 
558 
541 T2 νas PS4 
    
467 νas P-S-P 
    
    
444  A2u νs PS3    
421 
 
Ag νring   
 
    
    
413 νs P-S-P 
 
413 
 
A1 νs PS4 
395 392 B3u νring   
 
    
374 
 
B1g νring   
 
    
   
374 
 
 A1g νs PS3    
307 
 
Ag δring   
 
    
    
302  A2u δ S-P-P    
   
286 280 T2 δ PS4     
     
 
 
279 284 T2 δ PS4 
 
260 
B3u ring 
torsion   
 
    
   
259 
 
 Eg δ PS3    
258 
 
B1g δ PS2   
 
    
   
255 
 
E δ PS4 
    
    
243  Eu δ PS3    
239 239 B1u δ PStSb   
 
    
     
 
 
235? 
 
E δ PS4 
216 
 
B2g δ PS2   
 
    
 
214 B2u wag PS2   
 
    
   
197 
 
 A1g δ PS3    
183 180 B3g δ PS2   
 
    
   
169 
 
 Eg δ S-P-P    
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Table 2-2 
Raman IR 
Associated 
SRO 
663 663 P
2
 
605 605 P
1
 
583 583 P
1P
 
557 
 
P
1P
 
554 543 P
0
 
 
549 P
2’
 
515 
 
? 
493 490 P
2
 
480 
 
-S-S- 
471 
 
-S-S- 
 
460 P
1
 
420 
 
P
2’
, P
0
, or P4Sx 
402 404 P
1
 
387 390 P
2
 
367 
 
P
2
 
312 310 P
2’
 or P4Sx 
 
280 P
1
 or P
0
 
275 
 
P
0
 
 
254 P
2
 
252 
 
P
2
 or P
1
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Figure 2-1 
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Figure 2-2 
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Figure 2-3 
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Figure 2-4 
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Chapter 3. Non-Arrhenius Ionic Conductivities in Glasses Due to a 
Distribution of Activation Energies 
 
A paper published in Physical Review Letters [1] 
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Previously observed non-Arrhenius behavior in fast ion conducting glasses [J. 
Kincs and S. W. Martin, Phys. Rev. Lett. 76, 70 (1996)] occurs at temperatures near the 
glass transition temperature, Tg , and is attributed to changes in the ion mobility due to 
ion trapping mechanisms that diminish the conductivity and  result  in  a  decreasing  
conductivity  with  increasing  temperature.  It is intuitive that disorder in glass will also 
result in a distribution of the activation energies (DAE) for ion conduction, which should 
increase the conductivity with increasing temperature, yet this has not been identified in 
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the literature. In this Letter, a series of high precision ionic conductivity measurements 
are reported for 0.5Na2S + 0.5[xGeS2 + (1−x)PS5/2] glasses with compositions ranging 
from 0 ≤ x ≤ 1. The impact of the cation site disorder on the activation energy is 
identified and explained using a DAE model. The absence of the non-Arrhenius behavior 
in other glasses is explained and it is predicted which glasses are expected to accentuate 
the DAE effect on the ionic conductivity. 
It is universally accepted that the ionic conductivity of a simple solid electrolyte 
should obey an Arrhenius relation. The temperature dependence of the conductivity is 
controlled by the activation energy, which is physically interpreted as the energy barrier 
that must be overcome for an ionic charge carrier to jump to an adjacent site. This simple 
relationship is expected in crystals where the activation energy is a singular value. In 
highly disordered systems, such as ionic glasses, the ion conduction processes are 
expected to arise from jumps over a distribution of such energy barriers; therefore, a 
distribution of activation energies (DAE) is anticipated. The atomic level origin of the 
DAE arises from the structural disorder in the glass, at both short and long length scales, 
which results in wide and continuous distributions of bond distances, bond angles, and in 
some cases coordination numbers. This DAE should result in the ionic conductivity 
having a non-Arrhenius temperature dependence, where the low energy barriers are 
crossed at low temperatures and the high energy barriers are crossed at high temperatures. 
Astonishingly, however, the vast majority of published studies of ion conducting glasses 
report an Arrhenius relationship with a single activation energy. Until now, it remained 
unknown why the chemical and structural complexity that is intrinsic to the glassy state 
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does not result in a dramatic deviation from simple Arrhenius behavior. In this Letter, we 
resolve this long-standing question. 
There are a limited number of studies observing non-Arrhenius conductivity in 
glasses. One class of non-Arrhenius behavior is exemplified by the measurements of 
Kincs and Martin on silver halide doped sulfide glasses [2]. At low temperatures, the 
conductivity maintains a linear Arrhenius behavior, but at higher temperatures it develops 
a distinctly negative curvature. The models developed to explain this behavior have all 
focused on site-hopping diffusion and mobility [3-7]. Malki et al. identify a rigid- to-
floppy transition, which depends on both the composition and the temperature to 
delineate the high-temperature, non-Arrhenius behavior from the low-temperature regime 
[4]. In essence, this form of non-Arrhenius behavior is caused by a temperature-
dependent mobility due to an ion trapping mechanism that reduces the mobility at high 
temperatures [8-10]. 
A second class of non-Arrhenius behavior is characterized by a positive curvature 
of the conductivity across the entire temperature region. Archetypal examples of this 
behavior are found in Namikawa’s measurements of mixed-alkali glasses [11] and 
Murugavel et al. for multi- component phosphosilicate glasses [12]. Namikawa attributes 
this behavior to the existence of multiple charge carrying species and uses two straight 
lines to approximate the curved behavior, with each slope indicating the activation energy 
of one of the species. While it is possible to attribute the positive-curvature non-
Arrhenius behavior to the activation energies of two charge carriers, the same non-
Arrhenius behavior is observed in  glasses  with single charge carriers: Murugavel and 
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Roling for xNa2O+(1-x)B2O3 [13],  and Imre et al. for 0.2Na2O+0.8B2O3 and 
0.2Rb2O+0.8B2O3 [14]. 
In this Letter, we report on a series of high precision measurements on mobile Na 
ion containing sulfide glasses. The data demonstrate the same positive-curvature non- 
Arrhenius behavior described in Refs. [11-14]. Following the lead of our earlier work [8-
10], we develop a DAE model and demonstrate an excellent agreement between our 
model and the data. The results of this model allow us to explain why such non-Arrhenius 
behavior is not commonly seen in other glasses and how to modify a glass to enhance the 
influence of the DAE. Finally, DAEs have been used to describe ultrasonic attenuation 
measurements of glass where the ultrasonic attenuation loss peaks were observed to be 
wider than could be described by a single activation energy [15, 16]. 
Mixtures with compositions 0.5Na2S + 0.5[xGeS2+(1−x)PS5/2], where x ranges 
from 0.0 to 1.0, were prepared from 0.5Na2S + 0.5GeS2 and 0.5 Na2S +0.5PS5/2. All 
syntheses were carried out in a high purity N2 glove box. The mixtures were melted in 
covered vitreous carbon crucibles inside a tube furnace at 730 °C for 3 minutes. The 
mixture was removed from the furnace and allowed to cool inside the crucible. The mass 
loss due to sublimation of reactants, typically less than one percent, was recorded to 
ensure compositional accuracy. Disk-shaped specimens were then prepared by remelting 
the glass and pouring it into disk-shaped brass molds that were held 30 °C below the 
glass transition temperature. The glasses were trans- parent and had yellow to amber 
colors. After annealing for 30 minutes, the disks were cooled to room temperature at 
1°C/min. The disks were polished, and circular gold electrodes were sputtered onto both 
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faces of the glass. A mask was used to assure that the electrodes were registered on both 
sides of the disk. Using a Novocontrol Technologies Concept 80 impedance 
spectrometer, the complex impedance spectra were measured from 0.1 Hz to 3 MHz and 
temperatures from -50 ° C to 150 °C, where -50 °C is the lower limit of the components 
of the custom cell used for O2 and H2O sensitive materials and 150 °C is below the 
annealing temperature for all samples in this study. The temperature was held within ±0.5 
°C of the nominal set point for three minutes prior to data collection to stabilize the 
temperature. The direct current (dc) conductivity was found by fitting the complex 
impedance arc and using the disk’s thickness and electrode area. 
The ionic conductivity of glass can be expressed as the Nernst-Einstein relation, a 
modified functional form of which is 
 0 exp aDC
E
T RT


  
  
 
  Equation 3-1 
where R is the gas constant and the prefactor,   , contains the ion charge, number 
density, and diffusivity. The activation energy,    , is an energy barrier that the charge 
carrying ions must overcome to conduct through the glass network. In conductivity 
studies, it is common practice to use the measurements to determine the values of    and 
    as constant material properties. However, this assumes that both parameters are 
singular constant values, whereas the disordered short- and intermediate-range chemical 
structures seen by mobile ions in glasses should result in     being a DAE associated 
with these local variations. The simplest correction to this assumption is to replace     in 
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Equation 3-1 with a temperature-dependent expectation energy, 〈  〉, that can be found 
from 
  
0
,E EP E T d E

        Equation 3-2 
where P(  , T) is the probability distribution function of the activation energies of the 
mobile ions at temperature T. This probability distribution introduces a temperature 
dependence to the expected energy and is written using the Boltzmann relation, 
  
 
 
0
exp
,
'
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E
g E
RT
P E T
E
g E d E
RT

  
  
  
  
   
 

.  Equation 3-3 
The function g(  ) in Equation 3-3, is the temperature-independent probability 
distribution function of the activation energies, DAE, of all the ions in the glass. In this 
method, it is assumed that the energy landscape seen by the mobile cations is fixed upon 
quenching, and with increasing temperature the number of these fixed energy barriers 
being overcome increases according to the Boltzmann distribution. For a given g(  ), 
Equation 3-3 is integrated to determine the probability distribution function of the mobile 
ions as a function of temperature P(  , T). Subsequently, Equation 3-2 is used to 
determine the temperature-dependent expectation energy, 〈  〉, which then is used in 
place of     in Equation 3-1. 
The measured ionic conductivity of a typical glass in this series is plotted in 
Figure 3-1(a). On first inspection, the data appear to be Arrhenius; however, closer 
evaluation reveals a positive, upward curvature. This non-Arrhenius nature is more 
evident when the data are subtracted from a straight line drawn between the lowest and 
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highest temperature data points, as shown in Figure 3-1(b). The deviation from linearity 
is distinctly quadratic, and this has been observed by Imre et al. for 0.2[xNa2O + (1-
x)Rb2O] + 0.8B2O3 glasses, which is plotted in Fig. 8 of Ref. [14]. The non-Arrhenius 
behavior demonstrated in Figure 3-1 is systematically present for all 10 glass specimens 
with compositions ranging from x = 0 to 1. 
For these glasses, the DAE barriers, g(  ), can be taken to be Gaussian, with a 
mean value of     and standard deviation of   [8-10]. This results in Equation 3-2 being 
expressed as 
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2 2
0 2
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which can be simplified to 
 
2
0E E
RT

      Equation 3-4 
In this way, the temperature-dependent 〈  〉 can be written in terms of the Gaussian 
parameters,     and  . To write the simplified expression in Equation 3-4, it is required 
that P(  , T) is zero at T = 0. This approximation breaks down in the limit of small T and 
large  /E0. The glasses and temperatures used in this study, and in most others, are well 
within the operating limit of this approximation. The deviation between the full and 
simplified expressions is shown as dotted lines in Figure 3-2(b). This clearly 
demonstrates that for T  50 K Equation 3-4 holds for  /     = 0.067. 
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Using this temperature-dependent expectation energy in place of the constant 
activation energy in Equation 3-1, the natural log of  T becomes quadratic in 1/T. For 
each composition of glass, the parameters    ,  , and    were determined by replacing 
    in Equation 3-1 with 〈  〉 from Equation 3-4 and best-fitting this expression to the 
experimental data. Results of this fitting are shown in Figure 3-2(a). See the 
Supplemental Material [17]. As can be seen by the fitted curve in Figure 3-1(b), the 
model matches the data extremely well. 
To understand the impact of the DAE on the thermal behavior of the ionic 
conductivity, 〈  〉 is parametrically plotted for different  /    ratios as a function of 
temperature in Figure 3-2(b). The experimental temperature range of this study lies 
between the dashed lines. For this family of curves, it is observed that the temperature 
dependence is greater at lower temperatures and larger  /    ratios; hence, the non-
Arrhenius behavior will be more pronounced in material systems with DAEs that have a 
small mean activation energy,    , and a large width,    Glass compositions with large 
    values, such as the most commonly studied silicate, borate, and phosphate oxide 
glasses, are not expected to exhibit the non-Arrhenius behavior shown in Figure 3-1, even 
if the   is equivalent to the values found in analogous non-oxide glass systems, such as 
the glasses in this study. The non-Arrhenius behavior will be enhanced in highly 
conductive materials with low     values. For example, our model predicts that glasses 
that have Li as the charge carrying species will demonstrate a stronger DAE non-
Arrhenius behavior than the other alkali ions because the small size of the Li ions results 
in a lower mean activation energy,    . An example of this can be found in Fig. 4 of Ref. 
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[18] where the ionic conductivity of 36Li2S·18P·46S is shown to have a highly non-
Arrhenius conductivity below the Tg. 
At lower temperatures, there is a stronger temperature dependence of the 
expectation energy because only the low energy tail of g(  ) contributes to P(  , T) via 
Equation 3-3. As the temperature increases, the expectation energy asymptotes to     
because more of the energies in the g(  ) distribution begin to participate; at high 
temperatures, the expectation energy becomes constant and the measured conductivities 
will appear Arrhenius. This implies that low-temperature experiments will accentuate the 
observation of the DAE. The exact experimental range needed is dependent on the 
material. 
The non-Arrhenius behavior also may be enhanced by the processing methods 
used to prepare the glass and the chemistries of the glass, both of which can be used to 
increase  . Rapid quenching of a glass melt will freeze in structures with a higher fictive 
temperature and, thus, a higher configurational entropy. rf-sputtered glassy thin films 
may also lead to a wider distribution of atomic level disorder. Additional disorder, and 
possibly coordinative defects, can be introduced by mechanical means such as high 
energy ion implantation or planetary milling. Glasses with greater chemical complexity 
will also lead to increased  . A distribution of anionic sites contributes to the DAE, and 
quench rates are known to strongly influence speciation in glasses [19]. Further, the use 
of multiple charge carriers will increase the width of the DAE, and the quadratic 
deviation from Arrhenius behavior observed in Ref. [14] indicates that the existence of 
multiple charge carriers is not a simple matter of having two singular valued activation 
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energies as Namikawa postulates [11]. If only two activation energies exist, then the 
deviation from linearity should have a simple “V” shape instead of being quadratic. 
Glasses with more than one glass former, such as the mixed-glass-former glasses 
in this study, should also have a wider DAE. Figure 3-2(a) shows the compositional 
dependence of the ionic conductivity,    , and   in the 0.5Na2S + 0.5 [xGeS2 + (1-
x)PS5/2] glasses. As is expected, the composition with the largest    , x=0, has the lowest 
conductivity. The structural origins of the compositional dependence of     have so far 
not been fully identified, but the compositional dependence of   can be linked to the 
distribution of local structures. See the Supplemental Material [17]. Structures are labeled 
  , where   denotes the glass-forming cation (P or Ge) and z denotes the number of 
bridging sulfurs associated with the structural unit. When x = 0, the dominating structural 
unit is the P
1
 group, nominally Na2PS7/2. Addition of Ge
2
 groups, nominally Na2GeS3, 
leads to formation of P
0
 and Ge
3
 groups arising from a disproportionation reaction 
 1 2 0 3P Ge P Ge     Equation 3-5 
The consequence of this proposed reaction is that Na ions experience a wider 
distribution of chemical environments. Qualitatively, ternary compositions appear to have 
a wider distribution of structures where no   group is dominant. For example, the 
x = 0.3 composition is comprised of 20.6% P
1
, 16.4% P
1P
, 32.1% P
0
, and 29.6% Ge
3
, and 
has the largest   value of all of the glasses. 
In this Letter, we have examined the impact that the DAE has on the ionic 
conductivities in glasses by performing a series of high precision measurements on Na 
containing mixed-glass-former sulfide glasses and constructing a model that shows how 
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the DAE will affect the Nernst-Einstein relation. Using this model, we have addressed the 
question of why the positive-curvature non-Arrhenius conductivity associated with the 
DAE has only been identified very infrequently. It is significant that of the many 
thousands of ionic glass systems studied only a small number have reported this behavior. 
The most studied glasses are the more poorly conducting, yet most easily prepared, oxide 
glasses whose large     and small   values produce essentially an Arrhenius 
conductivity. It is only in materials such as the more highly conducting non-oxide 
glasses, especially the complex mixed-glass-former glasses, that the     is sufficiently 
low and the   is large enough that the non-Arrhenius conductivity is apparent. This study 
is the first to understand and report the underlying cause of this apparent unknown 
behavior. 
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Foundation. S.W. M. and C. B. are funded through Grant No. DMR-0710564, and S. P. 
B. is funded through Grant No. DMR-1105641. 
  
65 
 
3.1 References 
[1] C. Bischoff, K. Schuller, S.P. Beckman, S.W. Martin, Non-Arrhenius Ionic 
Conductivities in Glasses due to a Distribution of Activation Energies, Physical 
Review Letters, 109 (2012) 075901. 
[2] J. Kincs, S.W. Martin, Non-Arrhenius Conductivity in Glass: Mobility and 
Conductivity Saturation Effects, Physical Review Letters, 76 (1996) 70-73. 
[3] P. Maass, M. Meyer, A. Bunde, W. Dieterich, Microscopic Explanation of the Non-
Arrhenius Conductivity in Glassy Fast Ionic Conductors, Physical Review Letters, 77 
(1996) 1528-1531. 
[4] M. Malki, M. Micoulaut, F. Chaimbault, Y. Vaills, Correlation between Floppy to 
Rigid Transitions and Non-Arrhenius Conductivity in Glasses, Physical Review 
Letters, 96 (2006) 145504. 
[5] S. Murugavel, Origin of non-Arrhenius conductivity in fast ion conducting glasses, 
Physical Review B, 72 (2005) 134204. 
[6] K.L. Ngai, G.N. Greaves, C.T. Moynihan, Correlation between the Activation 
Energies for Ionic Conductivity for Short and Long Time Scales and the Kohlrausch 
Stretching Parameter β for Ionically Conducting Solids and Melts, Physical Review 
Letters, 80 (1998) 1018-1021. 
[7] K.L. Ngai, A.K. Rizos, Parameterless Explanation of the Non-Arrhenius Conductivity 
in Glassy Fast Ionic Conductors, Physical Review Letters, 76 (1996) 1296-1299. 
[8] K.H. Kim, D.R. Torgeson, F. Borsa, J. Cho, S.W. Martin, I. Svare, Distribution of 
activation energies explains ionic motion in glassy fast ion conductors: 
7
Li NMR 
spin-lattice relaxation and ionic conductivity in xLi2S + (1−x)GeS2, Solid State 
Ionics, 91 (1996) 7-19. 
[9] S.W. Martin, D.M. Martin, J. Schrooten, B.M. Meyer, Trapping model for the non-
Arrhenius ionic conductivity in fast ion-conducting glasses, Journal of Physics: 
Condensed Matter, 15 (2003) S1643. 
[10] Q. Mei, B. Meyer, D. Martin, S.W. Martin, Ion trapping model and the non-
Arrhenius ionic conductivity in fast ion conducting glasses, Solid State Ionics, 168 
(2004) 75-85. 
[11] H. Namikawa, Characterization of the diffusion process in oxide glasses based on 
the correlation between electric conduction and dielectric relaxation, Journal of Non-
Crystalline Solids, 18 (1975) 173-195. 
[12] S. Murugavel, C. Vaid, V.S. Bhadram, C. Narayana, Ion Transport Mechanism in 
Glasses: Non-Arrhenius Conductivity and Nonuniversal Features, The Journal of 
Physical Chemistry B, 114 (2010) 13381-13385. 
[13] S. Murugavel, B. Roling, Ion transport mechanism in borate glasses: Influence of 
network structure on non-Arrhenius conductivity, Physical Review B, 76 (2007) 
180202. 
[14] A.W. Imre, S. Voss, H. Mehrer, Ionic transport in 0.2[xNa2O∙(1-x)Rb2O]∙0.8B2O3 
mixed-alkali glasses, Physical Chemistry Chemical Physics, 4 (2002) 3219-3224. 
66 
 
[15] L. Börjesson, L.M. Torell, S.W. Martin, C. Liu, C.A. Angell, Mechanical and 
electrical relaxation due to mobile ions in a superionic glass over the range 1 Hz-20 
GHz, Physics Letters A, 125 (1987) 330-334. 
[16] K.S. Gilroy, W.A. Phillips, An asymmetric double-well potential model for 
structural relaxation processes in amorphous materials, Philosophical Magazine Part 
B, 43 (1981) 735-746. 
[17] See Supplemental Material at 
http://link.aps.org/supplemental/10.1103/PhysRevLett.109.075901 for a table of DAE 
parameter values for the glasses and for the relative abundance of short-range 
structures in the 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses. 
[18] T. Ohtomo, F. Mizuno, A. Hayashi, K. Tadanaga, M. Tatsumisago, 
Mechanochemical synthesis of lithium ion conducting glasses and glass–ceramics in 
the system Li2S–P–S, Solid State Ionics, 176 (2005) 2349-2353. 
[19] J. Wu, J.F. Stebbins, Quench rate and temperature effects on boron coordination in 
aluminoborosilicate melts, Journal of Non-Crystalline Solids, 356 (2010) 2097-2108. 
 
 
  
67 
 
3.2 Figures 
Figure 3-1. The measured ionic conductivity for the glass composition 0.5Na2S + 
0.5[0.7GeS2 + 0.3 PS5/2]. Frame (a) shows the conductivity plotted with a 
best-fit Arrhenius line, where the experimental error is smaller than the 
symbols. The data in frame (b) are the difference between the conductivity 
data, from (a) minus a point from a line arbitrarily drawn between the highest 
and lowest data points. The solid line in (b) is the match between the 
Arrhenius fit in (a) and the arbitrary straight line. The dashed line is the result 
of the DAE model. 
Figure 3-2. Frame (a) shows the room temperature ionic conductivity and DAE model 
parameters,     and  , for glasses with composition 0.5Na2S + 0.5[xGeS2 + 
(1-x)PS5/2] as a function of composition, where the lines are guides for the 
eyes and error bars are smaller than the symbols. Frame (b) shows the 
expectation energy as a function of temperature for a variety of  /    
choices. This family of curves asymptotes toward     with increasing 
temperature. The rate of convergence depends on the value of  /   . The 
dashed lines bracket the temperature range for the glass specimens studied 
here. The solid lines show the exact integral, from Equation 3-2, and the 
dotted lines show the expectation energy from Equation 3-4. The data plotted 
in Figure 3-1correspond to x=0.7, which has  /    = 0.067. 
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Chapter 4. Structural Studies of 0.5Na2S + 0.5[xGeS2 + (1−x)PS5/2] 
Mixed Glass Former Glasses 
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4.1 Abstract 
A non-linear and non-additive composition dependent change in the ionic 
conductivity in Mixed Glass Former (MGF) glasses when one glass former, such as PS5/2, 
is replaced by a second glass former, such as GeS2, is known as the Mixed Glass Former 
Effect (MGFE). Alkali ion conducting glasses are of particular interest for use in ion 
conductive batteries because, for example, sulfide amorphous materials show promise as 
solid-state electrolytes due to their significantly large alkali ion conductivities as 
compared to their oxide counterparts. Impedance spectroscopy measurements of the 
0.5Na2S + 0.5[xGeS2 + (1−x)PS5/2] MGF system exhibit a negative MGFE and non-
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Arrhenius ionic conductivities. To better understand the negative MGFE which is much 
less common than positive MGFE and the non-Arrhenius temperature dependence to the 
ionic conductivities, yNa2S + (1−y)GeS2 and yNa2S + (1−y)PS5/2 glasses were 
structurally characterized using Raman, IR, and 
31
P MAS-NMR spectroscopies. In these 
studies, it is found that the exchange of GeS2 for PS5/2 leads to unequal sharing of the Na
+
 
in these glasses. In all MGF compositions, phosphorus groups are associated with a 
disproportionately larger number of Na
+
 ions, while the germanium groups are found to 
be Na
+
 deficient. Out of these studies, the first ever structural model derived from the 
spectroscopic study of these glasses and based on the short range order (SRO) of 
germanium and phosphorous groups in these glasses was developed as a first step in 
understanding the unique MGFE and non-Arrhenius behavior in the glasses. 
4.2 Introduction 
Reliable, safe, and large capacity energy storage systems are required to enable 
renewable energy systems such as wind turbines and solar cells to make greater 
contributions to the global electrical energy grid. Global conversion and consumption of 
energy is currently ~15 TW and is expected to double by 2050 [1, 2]. The typical 
electrical power profile renewable energy sources, chiefly solar and wind, are cyclic in 
nature [1, 3-5], and as such, energy storage systems such as batteries are critically needed 
to level the gaps between renewable energy harvesting and demand. This rapidly growing 
demand requires the development of new energy storage technologies. 
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Currently, rechargeable lithium-ion batteries depend on liquid electrolytes that 
can foster lithium dendrite growth, leading to severe safety concerns [4, 6]. The design of 
new solid electrolytes with sufficient alkali-ion conductivities, at least 10
-3
 S/cm at 25 °C, 
may offer a solution to this safety problem. Alkali ion conducting glasses may be able to 
meet these challenging design constraints. Indeed, these glasses are of particular interest 
because they can improve chemical durability, and in some cases, improve ionic 
conductivity [7-10].  
A rare coincidence of high ionic conductivity with improved physical and 
electrochemical properties of glassy electrolytes can be achieved by mixing two (or 
more) glass former cations, such as Ge
+4
 and P
+5
, at constant fraction of the mobile 
cation, such as Li
+
 and Na
+
, known as the mixed glass former effect (MGFE) [9, 11-14]. 
Optimized mixed glass former (MGF) glassy solid electrolytes may be excellent 
candidates for next-generation solid state electrolytes. For these reasons, we have begun 
an in-depth study of the MGFE in oxide and sulfide glasses. Currently, structures and 
properties of sodium-modified MGF systems that include B2O3, SiO2, P2O5, SiS2, GeS2, 
and P2S5 glass formers are being characterized in an effort to better understand and 
exploit the MGFE to enable optimized solid electrolytes for next-generation alkali ion-
based batteries. The MGFE studies of oxide glasses in our group have confirmed findings 
in the literature that mixing an al kali borate glass with an alkali phosphate glass produces 
a strong, positive MGFE [15-18], while improving our knowledge of the structural origin 
of the MGFE. While more challenging experimentally, sulfide glasses are attractive for 
study due to their larger ionic conductivities relative to oxide glasses. 
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Phosphate glasses are attractive for structure-property correlation studies because 
31
P is a highly abundant spin-1/2 nucleus allowing structures to be probed with NMR 
techniques. Further, alkali thiophosphate glasses have high alkali ion conductivities [19-
21]. These reasons motivated our selection of PS5/2 as one glass former for study of the 
MGFE in sulfide glasses. GeS2 was chosen as a second glass former because it has a 
large glass-forming window for the yNa2S + (1−y)GeS2 glasses described in more detail 
below, and SRO structures in these glasses can be probed with vibrational spectroscopy. 
Only a limited number of structural studies of the yNa2S + (1−y)GeS2, yNa2S + 
(1−y)PS5/2, and yNa2S + (1−y)[xGeS2 + (1−x)PS5/2] glasses exist in the literature. Ribes 
et al. [22] and Maier and Van Wazer [23] report on glass-forming composition ranges in 
the yNa2S + (1−y)PS5/2 system. A more recent structural study of these glasses, which 
includes Raman and IR spectra, reveals some interesting structural information [24]. 
First, the metathiophosphate composition shows evidence of edge-sharing tetrahedra. 
Second, S-S bonds seem to be rather stable in the condensed phase, leading to minority 
phosphorus structures P
1P
 and possibly P
:0
, shown in Figure 4-1. The P
1P
 structural group 
forms when the bridging sulfur, P–S–P, from P2S7
4-
 anions is liberated, leaving a P–P 
bond. If the P
0
 group, which is the completely depolymerized PS4
3-
 tetrahedral anion, 
loses its doubly-bound sulfur, a lone pair of electrons remains on the phosphorus cation, 
forming the trigonal pyramidal P
:0
 group. 
Low-alkali glasses in the yNa2S + (1−y)GeS2 system, y ≤ 0.4, were studied by 
Zhou et al. [25], while Ribes et al. [22] and Barrau et al. [26] explored a wider 
composition range, 0.0 ≤ y ≤ 0.6. The short-range order of the various glasses exhibit 
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GeS4 tetrahedra. Addition of Na2S leads to depolymerization of the network in the form 
of non-bridging sulfur, –S−. Representations of the local germanium environments are 
included in Figure 2-1. Lithium thiogermanates have been studied in the literature [9, 12, 
13], and structurally, findings are similar to those found for their sodium analogs, but the 
glass-forming range of 0.0 ≤ y ≤ 0.6 is somewhat narrower than in the sodium-modified 
glasses. Phase separation and crystallization occurs at low Li2S content compositions near 
y = 0 or pure GeS2. 
Very little is known of the structure and properties of yNa2S + (1−y)[xGeS2 + 
(1−x)PS5/2] glasses or mixtures. Blachnik and Rabe report a partial Na4Ge4S10–P4S10 
phase diagram. Na4Ge4S10 is thought to be isostructural with P4S10, both of which are 
molecular solids with an adamantine type structure. Blachnik and Rabe concluded that 
when reacted, the Na
+
 ions associated with Ge4S10
4-
 anions would react with the P4S10 
molecules to form NaPS3 chain structures and Na3PS4 which has isolated PS4
3-
 tetrahedral 
anion surrounded by Na
+
 ions. This disproportionate sharing of Na
+
 ions led to the 
polymerization of Ge–S structures and yielded solid solutions are assumed to be 
comprised of GeS2, Na4Ge4S10, NaPS3, Na3PS4, and P4S10 [27]. To better understand the 
structural makeup of the yNa2S + (1−y)[xGeS2 + (1−x)PS5/2] glasses which are not well-
studied in the literature, an in-depth structural study of the yNa2S + (1−y)GeS2 and the 
yNa2S + (1−y)PS5/2 glasses is required. 
We have used Raman and IR spectroscopies to examine the structures of the 
yNa2S + (1−y)GeS2 glasses and 
31
P Magic Angle Spinning Nuclear Magnetic Resonance, 
MAS-NMR, to examine the yNa2S + (1−y)PS5/2 glasses. Results from these studies are 
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then used to interpret Raman, IR, and 
31
P MAS-NMR spectra of the 0.5Na2S + 0.5[xGeS2 
+ (1−x)PS5/2] glasses. A further study will be published separately of the composition 
dependence of the glass transition temperatures (Tgs), densities, and ionic conductivities 
of these glasses. 
4.3 Experimental Methods 
4.3.1 Sample Preparation 
All syntheses were carried out in a high purity N2 glove box, where O2 and H2O 
levels are below 10 ppm. Since high purity Na2S is not commercially available, it was 
synthesized in our laboratory by the thermal decomposition of Na2S∙9H2O. The 
Na2S·9H2O was placed in a vitreous carbon crucible that is placed in a hermetic stainless 
steel reaction chamber. This reaction chamber was then placed in a crucible furnace so 
that the sample was within the heated zone of the furnace and part of the reaction 
chamber extended outside the furnace. The reaction chamber was then sealed with a 
water cooled stainless-steel top that uses a rubber o-ring to hermetically seal the top to 
the reaction chamber and connected to a vacuum pump. A liquid nitrogen cooled trap was 
connected between the reaction chamber and the vacuum pump to trap the volatized 
water before it entered the vacuum pump. The hydrated crystalline material was then 
slowly heated under vacuum, ~ 30 mbar, up to 150 °C over a period of at least two hours, 
after which the temperature was slowly increased to 650 °C, held for approximately 20 
hours, and then slowly cooled to room temperature. The reaction chamber was 
disconnected from the vacuum line and still under vacuum and containing the now 
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dehydrated Na2S was transferred to the glove box, vented,  and unloaded. IR 
spectroscopy and x-ray diffraction (XRD) were used to confirm the absence of 
contaminate oxides and the phase purity of the Na2S, respectively, of the material.  
High purity glassy GeS2 was also prepared in our laboratory by reacting 
stoichiometric amounts of germanium powder and sulfur in an evacuated silica ampoule 
at 900 °C for approximately 16 hours. The ampoule was air quenched to room 
temperature and glassy GeS2 was obtained. Phosphorus pentasulfide (P2S5) is 
commercially available and was used as received (99.9% Sigma-Aldrich). 
Glass batches of 3-4 grams were made by combining appropriate amounts of the 
starting material powders to create the yNa2S + (1−y)GeS2 and yNa2S + (1−y)PS5/2 
glasses, where the thiophosphate glass was milled in a planetary mill to minimize 
evaporation of PS5/2 by a pre-reaction of the Na2S and PS5/2. The ternary yNa2S + 
(1−y)[xGeS2 + (1−x)PS5/2] glasses were prepared by mixing the appropriate ratio of 
binary yNa2S + (1−y)GeS2 and yNa2S + (1−y)PS5/2 glasses. These mixtures were then 
melted in covered vitreous carbon crucibles inside a mullite muffle tube furnace at 550-
800 °C, where lower temperatures were used for the thiophosphate glasses and the higher 
temperatures were used for the thiogermanate glasses, hermetically connected to the side 
of the glove box for 3-5 minutes. The samples were then removed from the furnace and 
allowed to cool inside the crucible. Mass losses were recorded and in all cases found to 
be less than 2 wt% and the glasses were then remelted at the same temperature for an 
additional three minutes and quenched to room temperature between brass plates (> 10
4
 
°C/s). All samples were transparent and showed no visual signs of crystallization and/or 
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phase separation. In an effort to better assign SRO structures, as will be described below, 
glass samples of some of the compositions were partially crystallized by heating the 
samples to a temperature just above the onset of the first crystallization exotherm, 
identified by differential scanning calorimetry (DSC), and held for several hours. 
4.3.2 Raman Spectroscopy 
A Renishaw inVia Raman spectrometer employing a 488 nm Ar
+
 laser was used 
to collect the Raman spectra from 100 to 3200 cm
-1
 using using a 20X objective and 10 
mW of power. For each sample, 3 scans were added to improve the signal to noise ratio. 
An internal silicon reference was used to calibrate the instrument, where the silicon mode 
at 520 cm
-1
 was reproducible to within ± 1 cm
-1
. Small glass pieces were placed into a 
small plastic sample holder and covered with transparent tape to prevent exposure to air. 
The microscope was focused through the tape onto the surface of the glass pieces. The 
reproducibility of the Raman spectra while focusing on multiple spots across the samples 
was further evidence of sample homogeneity. 
4.3.3 IR Spectroscopy 
Mid-IR spectra were collected using a Bruker IFS 66 v/s spectrometer in the 
range of 4000 to 400 cm
-1
 using a KBr beamsplitter.  The IR spectra were obtained using 
32 scans at 4 cm
-1
 resolution.  Far-IR spectra were collected in the same manner from 600 
to 130 cm
-1
 using a germanium-coated Mylar beamsplitter.  To assist in handling and 
loading these air sensitive samples, the spectrometer is equipped with a small glovebox 
ante-chamber that is purged with N2 gas.  Samples were held in this small ante-chamber 
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until loaded into the spectrometer where the spectra were taken under vacuum.  The IR 
spectra of the samples were taken by diluting the finely ground glass powder to 
approximately 2% in finely ground and carefully dried CsI and then pressed into small 
pellets. 
4.3.4 Magic Angle Spinning – Nuclear Magnetic Resonance (MAS-NMR) 
Single pulse 
31
P nuclear magnetic resonance studies were performed at 242.9 
MHz on a Bruker Avance II 600 spectrometer, equipped with a multinuclear MAS probe 
from Bruker. Finely ground samples loaded inside the glove-box were spun within 
zirconia 2.5 mm rotors at 22-25 kHz, depending on the sample unless otherwise noted. 
Spectra were collected using128-256 scans, a 2 µs, 72° pulse length, and 100-300 s 
recycle delay. Chemical shifts were externally referenced to 85% (aq.) H3P04. 
4.4 Results and Discussion 
4.4.1 Glass-Forming Ranges 
Due to the glass-forming character of GeS2 and the high quench rate, estimated to 
be > 10
4
 °C/s, the stoichiometric glasses were prepared in the yNa2S + (1−y)GeS2 glasses 
for y = 0, y = 0.33, y = 0.5, y = 0.6, and y = 0.67. The yNa2S + (1−y)PS5/2 glasses are 
strongly glass-forming for 0.33 ≤ y < 0.6. Interestingly, a small glass-forming window 
exists near y = 0.65. This is due to the loss of sulfur from phosphorus groups in the melt. 
These sulfur are retained in the melt and form Sx groups and Na2Sx. The strong glass-
forming character of the 0.5Na2S + 0.5GeS2 and 0.5Na2S + 0.5PS5/2 glasses was 
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maintained in the ternary 0.5Na2S + 0.5[xGeS2 + (1−x)PS5/2] glass system with the 
exception of the x = 0.9 glass. 
4.4.2 Sodium Thiogermanate Glasses, yNa2S + (1−y)GeS2 
The Raman and IR spectra of the yNa2S + (1−y)GeS2 glasses are shown in Figure 
4-2 and Figure 4-3, respectively. For ease of comparison, all vibrational spectra are 
scaled so that the most intense bands have the same intensity for all glass compositions. 
Modes above 600 cm
-1
 are due to oxide contamination. The Raman spectra have a mode 
near 330 cm
-1
 (shoulder in the IR spectra) that diminishes with increasing Na2S content. 
This spectral feature is due to bridging sulfur between germanium groups, Ge–S–Ge. 
Non-bridging sulfur, Ge–S−, gives rise to a Raman mode centered at 465 cm-1 for the 
y = 0.33 glass, and this mode shifts to lower frequency with increasing Na2S content, 
where it is ultimately centered at 371 cm
-1
 for the y = 0.67 glass. A similar trend is 
present in the IR spectra with the non-bridging sulfur giving rise to a mode at 455 cm
-1
 
for the y = 0.33 glass that shifts to 391 cm
-1
 for the y = 0.67 glass. 
The short-range order of the sodium thiogermanate glasses is characterized by 
Ge
n
 tetrahedra, where n denotes the number of bridging sulfurs [22, 26, 28, 29]. The y = 0 
glass, or pure GeS2 glass, has Ge
4
 groups that are predominantly corner-sharing, forming 
a three-dimensional branching network, as in β–GeS2 [28]. A minority of edge-sharing 
tetrahedra, as in α–GeS2, may also be present in the glass [28]. The most intense Raman 
and IR bands present in Figure 4-2 and Figure 4-3, respectively, are centered near 343 
cm
-1
 and 395 cm
-1
, respectively. The Raman mode at 343 cm
-1
 is due to the A1 symmetric 
stretching of the Ge
4
 tetrahedra and the IR mode at 395 cm
-1
 is due to the T2 deformation 
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of the Ge
4
 tetrahedra. These results are in good agreement with literature values for GeS2 
glass and β–GeS2 [26, 28, 29].  
The addition of Na2S to GeS2 leads to the formation of Ge
3
 structures. The Ge
3
 
structural unit, or dithiogermanate, corresponds to the y = 0.33 composition. Starting with 
the Raman bands, the most intense mode is centered at 339 cm
-1
 in Figure 4-2, which is 
assigned to symmetric stretching of the Ge
3
 tetrahedron. The broad, high-frequency 
shoulder (~390 cm
-1
) is attributed to bridging sulfur, Ge–S–Ge. The mode centered at 465 
cm
-1
 is due to stretching of terminal sulfur, Na
+ −
S–Ge. Turning to the IR spectrum in 
Figure 4-3, a band centered at 456 cm
-1
 is due to stretching of terminal sulfur. A very 
broad feature is centered near 370 cm
-1
, which appears to be a mixture of multiple modes 
centered near 330, 360, 380, and 390 cm
-1
, respectively, that are not easily differentiated. 
Comparison with partially crystallized samples of the y = 0.33 composition is required to 
better identify the structural groups present in the 0.33Na2S + 0.67GeS2 glass.  
Figure 4-4 shows the Raman and IR spectra of the glassy and partially crystalline 
y = 0.33 sample. Upon crystallization, the spectra show striking similarity to the Raman 
spectra of compounds containing the Ge4S10
4-
 anion [30-33]. Müller et al. showed that the 
vibrational fundamentals of the Ge4S10
4-
 anion could be modeled by Td symmetry [30].  
Γ = 3A1 + 3E + 3T1 + 6T2 
From the Td character table, it is seen that the A1, E, and T2 modes are Raman 
active, the T2 modes are IR active, while the T1 modes are neither Raman nor IR active. 
The E modes are expected to have low intensities and to strongly overlap with other 
modes, leaving only 9 expected modes [30]. In the Raman spectrum, the three A1 modes 
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occur at 463 cm
-1
, 348 cm
-1
, and 192 cm
-1
. The presence of these modes in the IR 
spectrum indicates a break in Td symmetry. The T2 modes are centered at 444 cm
-1
, 409 
cm
-1
, 384 cm
-1
, 205 cm
-1
, and 120 cm
-1
. Strong similarities exist between the spectra of 
the glassy and crystallized samples, indicating that discrete Ge4S10
4-
 anionic groups are 
present in the glass, in agreement with the findings of Barrau et al.
 
[26], but the extent of 
the broadening of the bands, the presence of the shoulder at 390 cm
-1
 in the Raman 
spectrum, and the intensity of modes in the 300-350 cm
-1
 range of the IR spectrum lead 
us to believe that branching structures account for the majority of Ge
3
 groups in the glass. 
For clarity, Ge
3
 groups that form branching structures will be referred to as Ge
3B
 groups 
and Ge
3
 groups in Ge4S10
4-
 anionic groups will be referred to as Ge
3M
 groups. 
At y = 0.5, Ge
2
, or meta-thiogermanate, Na2GeS3, structures are formed by further 
addition of Na2S, and form corner-shared chain structures [26]. The Raman spectrum has 
four dominant modes in the range of 300-500 cm
-1
. The most intense mode at 418 cm
-1
 
(415 cm
-1
 in IR spectrum) is due to stretching of the terminal sulfurs. The next most 
intense mode at ~335 cm
-1
 (shoulder in IR spectrum) is due to the stretching mode of the 
bridging sulfurs. The remaining bands centered at 447 cm
-1
 and 380 cm
-1
 are likely due to 
modes arising from a combination of structural groups. The mode at 447 cm
-1
, which 
corresponds to the most dominant mode in the IR spectrum, may indicate dimeric edge-
sharing Ge
2
 groups, Na4Ge2S6, that are present in Na4Ge2S6∙14H2O [34] or possibly Ge
3B
 
and Ge
3M
 groups. The relatively strong absorbance in the IR spectrum at 380 cm
-1
 is 
consistent with bridging sulfur modes in GeS2, and its greater intensity in the y = 0.5 
composition than the y = 0.6 composition indicate that the mode is due more to Ge
2
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groups. The most dominant mode in the Raman spectrum of the y = 0.6 glass is at 392 
cm
-1
, and its proximity to the mode at 380 cm
-1
 cannot be ignored. For these reasons, we 
conclude that both Ge
2
 and Ge
1
 groups likely contribute to the band at 380 cm
-1
 in the 
vibrational spectra. 
The y = 0.6 glass corresponds to the pyro-thiogermanate group, Ge
1
, Na6Ge2S7, see 
Figure 4-1. Two dominant Raman modes are evident in the Raman spectra, Figure 4-2, at 
392 cm
-1
, due to terminal sulfurs and 332 cm
-1
, due to bridging sulfurs, both of which 
correspond to shoulders in the IR spectrum at 390 cm
-1
 and 330 cm
-1
, Figure 4-3. While 
the IR mode centered at 417 cm
-1
 is assigned to terminal sulfurs, the band centered at 360 
cm
-1
 is likely due to bridging sulfurs, but cannot be unambiguously assigned to the Ge
1
 
group because this feature is present in the y = 0.33 and y = 0.5 glasses, as well. This 
mode compares reasonably well with the most intense Raman band of the Ge2S6
4-
 anion, 
which is has two edge-shared Ge
2
 groups [34], and it also corresponds to the most 
dominant Raman band present in α-GeS2 [28]. For these reasons, we tentatively assign 
this band to edge-sharing Ge
n
 species. 
Further addition of Na
+
 leads to the formation of Ge
0
 groups that correspond to 
the y = 0.67, Na4GeS4 glass. This composition was not reported to be glass-forming by 
Barrau et al. [26], where the glasses were prepared in sealed quartz ampoules and rapidly 
quenched to room temperature; however, the higher quench-rate achieved in the current 
study, estimated to be > 10
4
 °C/s, was sufficient to bypass crystallization of the Na4GeS4 
phase. As may be expected, the Raman and IR spectra of the glass indicate a highly 
symmetric structure, consistent with a completely depolymerized GeS4
4-
 tetrahedral 
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anion. The most intense Raman band centered at 371 cm
-1
 in Figure 4-2 is due to the 
symmetric stretching of the Ge
0
 tetrahedron. A shoulder near 391 cm
-1
 shows a strong 
correlation with the symmetric stretching of the Ge
1
 group and with the most intense IR 
band (also centered at 391 cm
-1
, see Figure 4-3). In the IR spectrum, Figure 4-3, the mode 
at 391 cm
-1
 is assigned to the asymmetric stretching of the G
0
 group, while the high 
frequency shoulder of this peak is further evidence of the presence of Ge
1
 minority 
species, presumably formed by minor disproportionation reactions, such as: 
2Ge
0
 → 2Ge1 + Na2S. 
The vibrational spectra of the yNa2S + (1−y)GeS2 glasses in Figure 4-2 and 
Figure 4-3 exhibit systematic shifts of the bands associated with terminal sulfur groups 
that indicate a depolymerization of GeSx species. The Ge
n
 structures present in the 
glasses are predominantly corner-shared with a minority of edge-shared species. The 
variety of intermediate range order (IRO), how SRO structures are connected, lead to 
broad bands in the vibrational spectra, and, in turn, it is believed that it this structural 
complexity that leads to a large composition range for homogeneous glass formation that 
includes the fully depolymerized Ge
0
 group. Glass formation of these so-called “ortho” 
groups is rare unless high speed roller quenching (or similar) is used, a notable example 
includes another sodium ortho-salt, sodium ortho-borate, Na3BO3. 
4.4.3 Sodium Thiophosphate Glasses, yNa2S + (1−y)PS5/2 
The vibrational spectra of the sodium thiophosphate glasses were previously 
studied and reported on by the authors, and a structural model was developed for these 
glasses [24]. To better characterize and quantify the P
n
 speciation in these glasses, 
31
P 
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MAS-NMR spectra were collected and are shown in Figure 4-5 and deconvoluted and fit 
to Gaussian peaks (example in Figure 4-6). Initially, the 
31
P MAS-NMR spectra were 
collected using 4 mm rotors with a spinning rate of 12 kHz. It became apparent from 
these initial studies that the spinning sidebands overlapped the isotropic chemical shifts 
of the various P
n
 species in these glasses. For this reason, new spectra were collected at a 
higher spinning rate of 22 kHz using 2.5 mm rotors. Surprisingly, the spectra for the y = 
0.33 glass at 12 kHz and 22 kHz look strikingly similar. It appears that effectively, 
additional phosphorus environments were disguised by spinning sidebands. 
31
P MAS-
NMR spectra must be obtained from samples spun at even higher high speed to 
completely and effectively differentiate between the various P
n
 species.[35] 
4.4.3.1 0.33Na2S + 0.67PS5/2 glass 
The 
31
P MAS-NMR spectrum of the y = 0.33 glass exhibits two strong resonances 
at 82 ppm and 125 ppm, respectively, vs. 85% aq. H3PO4. Larink et al. [35] attribute the 
82 ppm resonance to the “normal” corner-shared P2 group, due to the presence of a  J-
coupling triplet, and the 125 ppm resonance to P
3
 groups, due to a J-coupling quartet. 
Homonuclear 2D J-resolved spectra can help in P
n
 assignment, where a z-filtered spin-
echo pulse sequence is used to collect spectra, and P
n
 species can be distinguished by 
2
JP–
P multiplet analysis in the indirect J-resolved dimension [35-37]. The multiplicity, or 
number of peaks, follows an n + 1 pattern for spin-1/2 nuclei, where n is the number of 
neighboring nuclei. Interestingly, the vibrational spectra of the y = 0.33 glass shown in 
Figure 2-3 and Figure 2-4 in Chapter 2 exhibit an intense Raman band at 422 cm
-1
 and an 
intense IR band at 550 cm
-1
, both of which are evidence of significant quantities of edge-
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shared P
2
 groups [24, 38-40]. This may imply that corner- and edge-shared P
2
 groups are 
indistinguishable by 
31
P NMR, or it is also possible that Larink et al. incorrectly 
attributed the 125 ppm resonance to the P
3
 group. If we consider the edge-shared P
2
 
group, which has a P2S2 ring, both phosphorus atoms are coupled to only one other 
phosphorus, which would lead to a J-coupling doublet. If these two phosphorus atoms in 
an edge-shared P
2
 group are strongly coupled, an AB-quartet is expected. Under these 
circumstances, the 125 ppm resonance could be due to an edge-shared P
2
 group. In order 
to definitively verify either assignment using NMR, J-resolved NMR spectra using 
various spectrometer frequencies is required because 
2
JP–P is independent of the external 
magnetic field. Since this type of analysis is currently not available at our institution, we 
must consider other evidence. If we consider charge balance, every P
1
/P
1P
 structure must 
be balanced by a P
3
/P
:3
 structure to maintain the 1:1 ratio of Na
+
 to phosphorus expected 
for the y = 0.33 glass. If the 125 ppm resonance was entirely due to P
3
/P
:3
 units, then the 
Na
+
 to phosphorus ratio would be roughly 3:5, indicating a loss of Na
+
 ions that is not 
consistent with experimental weight loss measurements. However, if we, assign the 125 
ppm resonance to the edge-shared P
2
 group, the Na
+
 to phosphorus ratio would be 
roughly 1:1, as expected for a y = 0.33 composition. Given the evidence of edge-shared 
P
2
 groups in the vibrational spectra described in Chapter 2 of this thesis and considering 
the conservation of charge, we assign the 125 ppm mode to edge-sharing P
2
 groups. 
Using this assignment, integration of the 
31
P NMR signal indicates that 81% of the 
phosphorus is in P
2
 groups, and 29% of the P
2
 groups are edge-shared. 
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4.4.3.2 0.43Na2S + 0.57PS5/2 and 0.54Na2S + 0.46PS5/2 
The SRO structures in the y = 0.43glass is fully described by those found in the 
y = 0.33 and y = 0.5 glass samples. The intermediate y = 0.43 glass composition has 1.5 
Na
+
 per phosphorus. Nominally, this should yield a P
1
/P
(1P)
 to P
2
 ratio of 1:1. The NMR 
spectrum is comprised of P
1
 and P
2
 groups, with a small minority of P
1P
 groups. 
4.4.3.3 0.5Na2S + 0.5PS5/2 
The y = 0.5 glass has a characteristic mode due to the P
1
 group centered at 93 ppm 
in the 
31
P NMR spectrum [41]. The P
1
 groups account for about 78% of the phosphorus 
in the sample, 14% in P
1P
 groups (104 ppm), and 8% in P
0
 or P
2
 groups (83 ppm), where 
the percentages were determined by deconvolution and integration of the NMR spectrum. 
The vibrational spectra show little evidence of P
2
 groups, indicating that the 83 ppm 
shoulder is due mostly to P
0
 tetrahedra. This implies that the y = 0.5 composition has a 
true composition within 1 mol%. 
4.4.3.4 0.54Na2S + 0.46PS5/2 
The y = 0.54 glass sample has 2.33 Na
+
 per phosphorus, analogous to Li7P3S11 or 
Ag7P3S11. The NMR spectrum confirms the presence of P
1
 and P
0
, which are expected to 
be present at this composition, and there is evidence of a small minority of P
1P
 groups. 
4.4.3.5 0.65Na2S + 0.35PS5/2 
Since we have found that the y = 0.6 composition is not glass-forming, the 
y = 0.65 glass was used to characterize orthothiophosphate, P
0
, structures in the glasses. 
The y = 0.65 glass composition is roughly equivalent to Na3PS4 + 0.357Na2S. Bischoff et 
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al. proposed the possible P
:0
 structure based on stoichiometry considerations and 
vibrational modes comparable to β-Na2S2 [24]. 
31
P NMR should be very sensitive to the 
type of change in chemical environment associated with the formation of P
:0
 groups. The 
NMR spectrum of the y = 0.65 glass has a dominant intense peak with a chemical shift at 
about 85 ppm consistent with P
0
 groups in the analogous lithium thiophosphate system 
[41]. A second weak resonance is observed at 60 ppm, accounting for ~5% of the 
phosphorus in the glass, which we assign to the P
:0
 group. This would suggest that the P
:0
 
group is less shielded than the P
0
 group, which is consistent with the presence of a loan 
pair of electrons and the +5 valence on phosphorus is conserved, leading to a trigonal 
pyramidal structure, rather than a trigonal planar structure with a phosphorus valence of 
+3. 
4.4.4 Ternary MGF Sodium Thiogermanophosphate Glasses, 0.5Na2S + 0.5[xGeS2 + 
(1−x)PS5/2] 
4.4.4.1 Raman, IR, and 31P MAS-NMR Spectra of the 0.1 ≤ x ≤ 0.5 Glasses 
As GeS2 is exchanged for PS5/2 in the composition range 0.1 ≤ x ≤ 0.5, the mode 
centered at 402 cm
-1
 in the Raman spectra (Figure 4-7), due to P
1
 structures, abruptly 
decreases in intensity as the intensity of a mode centered at 418 cm
-1
 grows rapidly. 
Assignment of the mode centered at 418 cm
-1
 is ambiguous because it shows strong 
correlations to both P
0
 and Ge
2
 groups. The emergence of a mode at 343 cm
-1
 in the 
x = 0.1 spectrum is typical of modes assignable to the symmetric stretching of Ge
4
 
groups. This mode gradually shifts to 339 cm
-1
 in the x = 0.4 glass spectrum, showing 
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strong correlation with Ge
3
 groups. Another trend occurs in the spectral region between 
450 and 500 cm
-1
. In the x = 0 glass spectrum, the mode centered at 480 cm
-1
, due to S–S 
bonds shifts to 490 cm
-1
 with the growth of a new mode at ~460 cm
-1
. In the x = 0.4 glass 
spectrum, this mode is centered at 463 cm
-1
, which indicates Ge
3
 groups in Ge4S10
4-
 
molecular anions are present in the glass. Spectral features occurring at wavenumbers 
above 700 cm
-1
 in the Raman and IR spectra of the ternary glasses are due to oxide 
contamination. Integration of the 
31
P NMR signal indicates that replacement of sulfur by 
oxygen is less than 2% for all glass samples. 
The composition-dependence of the IR spectra, shown in Figure 4-8, of the 
0.1 ≤ x ≤ 0.5 glasses are dominated by the reduced intensity of the 609 cm-1 mode, due to 
asymmetric stretching of the P
1
 group, which is coupled with the growth of the 560 cm
-1
 
mode, due to the P
0
 group. Further, the 609 cm
-1
 mode shifts to lower frequency, to ~600 
cm
-1
 in the x = 0.5 glass, which may indicate P
1
 groups linked to Ge
n
 groups. A mode at 
583 cm
-1
, clearly present in the x = 0.3 glass is due to P
1P
 groups in the glass. The growth 
of a broad mode at ~390 cm
-1
 is assigned to bridging sulfur in Ge
n
 groups. 
In the 0.1 ≤ x ≤ 0.5 composition range, the vibrational spectra indicate that as 
GeS2 is exchanged for PS5/2, phosphorus groups become more depolymerized, that is they 
acquire more Na
+
 through the formation of terminal non-bridging sulfur units, Na
+-
S-P. 
In doing so, the phosphorous gain a disproportionate share of the Na
+
 charge. More 
specifically, in this process, P
1
 groups are converted to P
0
 groups. The evidence of Ge
4
 
and Ge
3
 groups in these glasses is consistent with this trend, that is, for the phosphorous 
groups to gain Na
+
, the germanium groups must lose Na
+
. The 
31
P MAS-NMR spectra 
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allow discrimination between these sites, as seen in Figure 4-9. The diminishing of the 94 
ppm resonance, due to P
1
, and the increased intensity of the 83 ppm resonance, due to P
0
, 
confirm that P
1
 groups are being converted to P
0
 groups. The P
1
 companion, P
1P
 
resonance, at 100 to 105 ppm, seems to be more stable in the presence of Ge
n
 species. 
The modest change in isotropic chemical shift of both the P
1
 and P
1P
 resonances in this 
composition range may indicate bonding with Ge
n
 groups, however, slight changes in the 
geometry of the phosphorus tetrahedra could also account for the change in chemical 
shift.  
4.4.4.2 Raman, IR, and 31P MAS-NMR spectra of the 0.6 ≤ x ≤ 0.8 glasses 
The exchange of PS5/2 for GeS2 leads to a distinct narrowing of the band due to 
symmetric stretching of bridging sulfur at ~330 cm
-1
 in the Raman spectrum of the 
x = 0.8 glass shown in Figure 4-7. Further, the frequency of this mode at 326 cm
-1
 
correlates well with Ge
2
 chains in crystalline samples. The emergence of the mode 
centered at 393 cm
-1
 is likely due to the deformation of bridging sulfur in Ge
3
 groups that 
form Ge4S10
4-
 molecular anions. If Ge
2
 structures donate Na
+
 to P
1
 groups, P
0
 isolated 
tetrahedra and Ge
3
 species are formed. This gives rise to both Ge4S10
4-
 and, potentially, 
the shorter Ge
2
 chains may be able to assume local coordination that is similar to that of 
crystalline Na2GeS3. The Raman spectra of the glasses at x = 0.6 and x = 0.7 do not 
exhibit the same band narrowing as the spectra for the x = 0.8 glass. This is likely due to 
the increased PS5/2 content. As more Ge
2
 groups are converted to Ge
3
 groups, Ge
3
 groups 
exist in sufficient quantities to form branching networks rather than molecular anions. 
The IR spectra in this composition range indicate a depolymerization of phosphorus 
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structures, P
1→ P0, as the 609 cm-1 mode intensity decreases with x, while the 560 cm-1 
mode increases with x. IR bands centered near 450 cm
-1
 and 390 cm
-1
 are consistent with 
a mixture of Ge
2
 and Ge
3
 species. 
The 
31
P MAS-NMR spectra of the glasses for 0.6 ≤ x ≤ 0.8 are dominated by two 
resonances at 83 ppm and 100 ppm. The 83 ppm resonance is due to P
0
groups in the 
glass, and the 100 ppm resonance is due to P
1P
 groups in the glass. The chemical shift P
1P
 
of the peak is shifted a few ppm from its 105 ppm chemical shift in the x = 0 glass. As 
stated previously, the change in chemical shift may be due to P
1P
 bound to Gen groups, 
but slight changes in geometry of the P
1P
 group may also account for this change. 
4.4.4.3 Unequal sharing of Na+ 
The Raman, IR, and 
31
P MAS-NMR structural studies of the 0.5Na2S + 0.5[xGeS2 + 
(1−x)PS5/2] glasses provide evidence that when the sodium pyrothiophosphate glass is 
reacted with the sodium metathiogermanate glass, phosphorus structures are 
depolymerized, and germanium structures are polymerized. This implies the following 
disproportion reaction. 
P
1
 + Ge
2
 → P0 + Ge3 
We propose that the driving force for this reaction is due to resonance 
stabilization of the phosphorus species where the extra valence electron nominally 
associated with phosphorus-sulfur double bond is spread over two P–S bonds in the 
P
2
group, three P–S bonds in the P1 group, and over four bonds in the P0 group. In this 
way, we would expect that the energy of the P
1
 group moves to a lower, more stable, 
energy than the P
2
 group, and the energy of the P
0
 group moves to a lower, more stable, 
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energy than the P
1
 group. According to Blachnik and Rabe, P4S10 and Ge4S10
4-
 are 
isostructural, so they attempted to form mixed anionic cages of Ge4-xPxS10
(4-x)-
 by 
annealing mixtures of P4S10 and Ge4S10
4-
 [27]. The attempts were unsuccessful; however, 
they were able to construct a partial phase diagram using DTA and DSC measurements. 
Interestingly, the results show unequal sharing of the Na
+
 ion, in which the Ge
3
 groups 
are polymerized to form Ge
4
, and the P
3
 groups are depolymerized. The Ge-rich 
compositions disproportionate to P
0
 groups, whereas the P-rich compositions form P
2
 
groups due to low Na
+
 ion concentration. Further, P
1
 groups were not formed. The P
1
 
structure is likely unfavorable because it is a peritectic phase. 
4.4.4.4 SRO Atomic Fraction Model 
The SRO analysis from Raman, IR, and NMR spectroscopy results can help develop a 
structural model of the 0.5Na2S + 0.5[xGeS2 + (1−x)PS5/2] glasses. Phosphorus 
populations were determined by integration of the NMR spectra. Germanium populations 
were approximated through charge neutrality considerations. The model is shown in  
Figure 4-10. 
The phosphorus becomes more depolymerized with the addition of GeS2, leading 
to a rapid decrease in the P
1
 group and a rapid increase in the P
0
 population. The small 
fraction of P
2
 groups in the x = 0 glass is immediately depolymerized upon addition of 
GeS2, and thus, the P
2
 group is not present in any of MGF glasses. The P
1P
 group is more 
stable than the P
1
 group in the presence of Ge
n
 species, so its concentration is roughly 
constant for 0.0 ≤ x ≤ 0.3.  For x > 0.3, the Gen concentration is large enough to begin 
converting P
1P
 groups to P
0
 groups. 
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The germanium populations show excellent agreement with analysis of the 
vibrational spectra. The x = 0.4 glass has the maximum Ge
3
 population from the model, 
and the Raman modes at 338 cm
-1
 and 463 cm
-1
, in addition to the IR mode at 454 cm
-1
 
match the modes of the 0.33Na2S + 0.67GeS2 glass. 
4.5 Conclusions 
The yNa2S + (1−y)GeS2 and yNa2S + (1−y)PS5/2 glasses were synthesized and 
their structures characterized by IR, Raman, and 
31
P MAS-NMR. The mixing of a sodium 
pyro-thiophosphate glass, Na2PS7/2, with a sodium meta-thiogermanate glass, Na2GeS3, 
leads to unequal sharing of the Na
+
 in the glass, and these MGF glasses exhibit a 
tendency to form discrete, molecular anionic structures. In all MGF compositions, 
phosphorus groups are associated with a disproportionately large number of Na
+
, while 
germanium groups are Na
+
 deficient. A structural model based on SRO in the glasses was 
developed to better illustrate this phenomenon. 
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4.8 Figures 
Figure 4-1. Local germanium environments (left), local phosphorus environments 
(middle), and corresponding intermediate range order. 
Figure 4-2. Composition dependence of the Raman spectra of the yNa2S + (1−y)GeS2 
glasses. 
Figure 4-3. Composition dependence of the IR spectra of the yNa2S + (1−y)GeS2 glasses. 
Figure 4-4. Raman and IR spectra of partially crystallized 0.33Na2S + 0.67GeS2. 
Figure 4-5. Composition dependence of the chemical shift of the primary peaks in 
31
P 
MAS-NMR spectra of the yNa2S + (1−y)PS5/2 glasses. 
Figure 4-6. Example of the fitting of the 31P MAS-NMR spectra of the 
0.33Na2S + 0.67PS5/2 glass. 
Figure 4-7. Composition dependence of the Raman spectra of the 
0.5Na2S + 0.5[xGeS2 + (1−x)PS5/2] glasses. 
Figure 4-8. Composition dependence of the IR spectra of the 
0.5Na2S + 0.5[xGeS2 + (1−x)PS5/2] glasses. 
Figure 4-9. Composition dependence of the chemical shift of the primary peaks in 
31
P 
MAS-NMR spectra of the 0.5Na2S + 0.5[xGeS2 + (1−x)PS5/2] glasses. 
Figure 4-10. Fraction of structural units in the 0.5Na2S + 0.5[xGeS2 + (1−x)PS5/2] glasses 
as determined by 
31
P MAS-NMR for phosphorus species. Germanium 
species are calculated from the remaining charge determined from 
31
P MAS-
NMR while maintaining charge balance. 
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Figure 4-4 
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Chapter 5. Glass Transition Temperatures and Densities of 
0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] Mixed Glass Former Glasses 
Related to Short Range Structures 
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5.1 Abstract 
The 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] mixed glass former (MGF) glass system 
exhibits a non-linear and non-additive change in the Na
+
 ion conductivity as one glass 
former, P, is exchanged for the other, Ge. This phenomenon, known as the Mixed Glass 
Former Effect (MGFE), also manifests itself in a negative deviation from the linear 
interpolation of the of the glass transition temperatures (Tg) of the binary end-member 
glasses, x = 0 and x = 1,. Interestingly, the composition dependence of the densities of 
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these MGF glasses does not reveal significant deviation from a linear interpolation of the 
densities of the binary end-member glasses, x = 0 and x = 1. A slight increase in density 
and corresponding decrease in molar volume is observed  in the 0.3 ≤ x ≤ 0.9 
compositions. From our previous studies of the structures of these glasses using IR, 
Raman, and NMR spectroscopies, we find that the thiophosphate and thiogermanate 
glasses do not equally share Na
+
 ions in the ternary compositions. The dominant 
disproportionation reaction in the 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses is 
Na2PS7/2 + Na2GeS3 → Na3PS4 + NaGeS5/2, wherein the thiophosphate short range order 
(SRO) structures are observed to increase from a negative 2 charge to a negative three 
charge and in so doing disproportionately have more Na
+
 in their coordination sphere . 
While the formation of branching NaGeS5/2 structures may be expected to cause an 
increase in the Tg of the ternary glasses; however, the data reveal a negative deviation 
from linearity between the slightly lower Tg of the pure thiophosphate glass to the slightly 
higher Tg of the pure thiogermanate glasses. We propose that this negative deviation is 
due to the formation of Ge4S10
4-
 molecular anions where the three bridging sulfurs (BS) 
of the Ge
3
 group do not polymerize the glassy network as observed in other network 
glasses, but rather form these molecular anion structures which decrease, rather than 
increase, the overall network connectivity. An empirical model is developed to describe 
the MGFE on the Tgs of these glasses, the results of which help to quantify the 
concentration of the Ge4S10
4-
 molecular anions in these glasses. The structural model 
developed in Chapter 4 of this thesis was able to determine the total concentration of the 
Ge
3
 groups as a function of x in the ternary MGF glasses. Here with the aid of the model 
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developed for the composition dependence of the Tg, we are able to refine this model 
further to differentiate the Ge
3
 groups into Ge
3B
 and Ge
3M
 groups, where the former are 
form normal network bridging structures and the latter form the Ge4S10
4-
 molecular anion 
structures. This revised structural model was then used to develop an empirical model of 
the densities in the 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses where the density was 
taken as the sum of the molar masses of the various SRO structural groups in the glass 
weighted by their molar fraction in the glass divided by the sum of the molar volumes of 
the various structural groups in the glass weighted by their molar fraction in the glass. 
The molar masses are known once their structures are known whereas the molar volumes 
of the SRO structural groups were best fit to the density data. The slight increase in 
density and corresponding decrease in molar volume appears to be caused by increased 
packing efficiency of the germanium sulfide species in the ternary compositions. 
5.2 Introduction 
Reliable energy storage systems are required to meet the demand for renewable 
energy. Global conversion and use of energy is currently ~15 TW and is expected to 
double by 2050 [1, 2]. The typical electrical power profile renewable energy sources, 
chiefly solar and wind, are cyclic in nature [1, 3-5]. This rapidly growing demand 
requires the development of new energy storage technologies. 
Currently, rechargeable lithium-ion batteries depend on liquid electrolytes that 
foster lithium dendrite growth, leading to severe safety concerns [4, 6]. The design of 
solid electrolytes with sufficient alkali-ion conductivities, at least 10
-4
 S/cm at 25 °C, may 
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offer a solution to this safety problem. Alkali ion conducting glasses may be able to meet 
these challenging design constraints. A rare coincidence of high ionic conductivity with 
improved physical and electrochemical properties of glassy electrolytes can be achieved 
by mixing two glass former cations at constant fraction of the mobile cation, known as 
the mixed glass former effect (MGFE) [7-11]. For this reason, we have begun an in-depth 
study of the MGFE in oxide and sulfide glasses. Currently, structures and properties of 
sodium modified MGF systems that include B2O3, SiO2, P2O5, SiS2, GeS2, and P2S5 glass 
formers are being characterized in an effort to better understand and exploit  the MGFE 
to enable optimized solid electrolytes for next-generation alkali ion batteries. 
In our studies of then ionic conductivities of the glasses in the 0.5Na2S + 
0.5[xGeS2 + (1-x)PS5/2] system, we have observed that they exhibit a negative MGFE 
and, furthermore, they are also found to exhibit a non-Arrhenius temperature dependence 
which we have attributed  to a distribution of activation energies, DAE, for ionic 
conduction [12]. Since these MGF glasses are found to exhibit the MGFE in ionic 
conductivity, it is logical to hypothesize that the MGFE is present in other physical 
properties. In this study we report the composition dependence of the glass transition 
temperature, Tg, and the density, ρ, of these the MGF glasses 0.5Na2S + 0.5[xGeS2 + (1-
x)PS5/2]. 
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5.3 Experimental Methods 
5.3.1 Sample Preparation 
All syntheses were carried out in a high purity N2 glove box, where O2 and H2O 
levels are below 10 ppm. Since high purity Na2S is not commercially available, it was 
synthesized in our laboratory by the thermal decomposition of Na2S∙9H2O. The 
Na2S·9H2O was placed in a vitreous carbon crucible that is placed in a stainless steel 
reaction chamber. This reaction chamber was then placed in a crucible furnace so that the 
sample was within the furnace and part of the reaction chamber extends outside the 
furnace. The reaction chamber was then sealed with a water cooled rubber o-ring top and 
connected to a vacuum pump. The hydrated crystalline material was then slowly heated 
under vacuum up to 150 °C over a period of at least two hours, after which the 
temperature was slowly increased to 650 °C and held for approximately 20 hours. The 
reaction chamber containing the now dehydrated Na2S was transferred to the glove box 
and unloaded. IR spectroscopy and x-ray diffraction (XRD) were used to confirm the 
absence of contaminate oxides and the phase purity, respectively, of the material. Glassy 
GeS2 was prepared by reacting stoichiometric amounts of germanium powder and sulfur 
in an evacuated silica ampoule at 900 °C for approximately 16 hours. The ampoule was 
air quenched to room temperature and glassy GeS2 was obtained. Phosphorus 
pentasulfide (P2S5) is commercially available and was used as received (99.9% Sigma-
Aldrich). 
Glass batches of 3-4 grams were made by combining appropriate amounts of the 
starting material powders to create the yNa2S + (1−y)GeS2 and yNa2S + (1−y)PS5/2 
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glasses, where the thiophosphate glass was milled in a planetary mill to minimize 
evaporation of PS5/2 by a pre-reaction of the Na2S and PS5/2. The ternary yNa2S + 
(1−y)[xGeS2 + (1−x)PS5/2] glasses were prepared by mixing the appropriate ratio of 
binary yNa2S + (1−y)GeS2 and yNa2S + (1−y)PS5/2 glasses. These mixtures were then 
melted in covered vitreous carbon crucibles inside a mullite muffle tube furnace at 550-
800 °C, where lower temperatures were used for the thiophosphate glasses and the higher 
temperatures were used for the thiogermanate glasses, hermetically connected to the side 
of the glove box for 3-5 minutes. The samples were then removed from the furnace and 
allowed to cool inside the crucible. Mass losses were recorded and in all cases found to 
be less than 2 wt% and the glasses were then remelted at the same temperature for an 
additional three minutes and quenched to room temperature between brass plates (> 10
4
 
°C/s). All samples were transparent and showed no visual signs of crystallization and/or 
phase separation. 
5.3.2 Glass Transition Temperatures 
Differential Scanning Calorimetry, DSC, measurements were run using a Perkin-
Elmer Pyris 1 DSC that had previously been calibrated to the indium melting point (± 1 
o
C) on ~20 mg samples hermetically sealed in aluminum sample pans. Scans on the as-
quenched glass were heated and cooled at a rate of 20 
o
C/min. For each composition two 
samples were prepared and examined by DSC, the first of which was heated from room 
temperature past the Tg of the glass until crystallization onset. The second sample pan 
was then heated from room temperature to 20-50 °C above the Tg of the glass but below 
the crystallization onset temperature, Tc, cooled to room temperature, heated above the 
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Tg, cooled to room temperature, and finally heated past the Tg of the glass until 
crystallization onset. This temperature cycling ensured a common thermal history for all 
glass compositions. Tgs were then determined by averaging three calculated onset 
temperatures from the final heating step. Figure 5-1 shows an example thermogram for 
the x = 0 glass and the onset tangent construction used to determine the Tgs of the 
glasses. 
5.3.3 Density 
Densities were determined using the Archimedes method on annealed bulk glass 
samples inside the high purity N2 glove box. The immersion fluid used was mineral oil 
(Fisher Scientific) with a measured density of 0.866 ± 0.001 g/cm
3
. The density of the 
mineral oil was determined before each measurement using a stainless steel calibration 
sphere of known density. In this way, slight fluctuations in the density due to temperature 
or contamination could be monitored and avoided. Sodium metal flakes were submerged 
in the mineral oil to capture dissolved oxygen and moisture during storage in the glove 
box. Before each density measurement, the fluid density was determined. Replicate 
measurements on three samples were averaged for each glass composition and the 
accuracy of the density measurements was found to ± 0.01 g/cm
3
. 
5.4 Results 
5.4.1 Glass Transition Temperatures 
Figure 5-2 shows the Tg values of the 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses. 
At x = 0, the Tg is 187 °C, and at x = 1, the Tg is 237 °C. All ternary compositions show a 
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Tg depression relative to the linear interpolation behavior between the end-member 
glasses. The maximum deviation from this linear behavior is observed at x = 0.3. 
5.4.2 Density 
The composition dependence of densities of the 0.5Na2S + 0.5[xGeS2 + (1-
x)PS5/2] glasses is shown in Figure 5-3. The density of the x = 0 glass is 2.03 g/cm
3
 and 
the density shows a positive deviation from linearity when GeS2 is exchanged for PS5/2 
across the entire composition range with the exception of the x = 0.2 glass. The density of 
the x = 1 glass is 2.47 g/cm
3
. The ternary compositions do not deviate significantly from 
linear interpolation behavior between the end-member glasses. 
5.5 Discussion 
5.5.1 Composition Dependence of Tg 
The 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses exhibit a decrease in Tg relative to 
linear interpolation behavior between the end-member glasses. An increase in Tg is 
thought to arise from an increase in the connectivity in the glass, while a decrease in Tg is 
thought to arise from a reduction in the connectivity. The connective of the glass in these 
cases is generally thought to arise from the number of network forming bridge bonds in 
the glass, such as in bridging sulfurs in these glasses or bridging oxygens in oxide 
glasses, such as those studied by Christensen [13-16]. In order to compare these 
assumptions to the composition dependence of the Tg data of these glasses, the atomic 
level structures of the glasses must be considered; we must determine the average number 
of BS in these glasses and determine if the trends in Tg are suggestive of the proposed 
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correction. In the present case, where the Tg exhibits a negative trend below the linear 
extrapolation between the Tgs of the two binary glasses, this suggests that the average 
connectivity of the ternary glasses is less than that of the two binary glasses. To 
investigate this, we begin with the representations of local phosphorus environments in 
the glasses studied that are shown in Figure 5-4, and local germanium environments that 
are shown in Figure 5-5. These SRO glass structures are identified as J
n
, where J is the 
glass-forming cation (P, Ge), and n is the number of bridging sulfurs. From the 
composition of the glass and from our structural studies of them in Chapter 2 [17], at 
x = 0, Na2PS7/2,the structure is predominantly comprised of P
1
 groups with 0.5 bridging 
sulfurs per phosphorus, while the x = 1 glass, Na2GeS3, is predominantly comprised of 
Ge
2
 groups with one bridging sulfur per germanium. It is important to note that, by 
definition, every BS is shared between two glass-forming cations, so each glass-forming 
cation accounts for only half of each BS. Since Ge
2
 has more BS than P
1
, the connectivity 
of the Ge
2
 structure is greater than that of the P
1
 structure, and thus, this explains why the 
Tg of the x = 1 glass is greater than that of the x = 0 glass. Formally, this can be shown by 
determining the number of BS, NbS, in the 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses can 
be calculated using Equation 5-1, where Ns is the total number of sulfurs, NnbS=S is the 
number of non-bridging sulfurs (NBS) due to doubly bound sulfur in phosphorus species, 
and NnbS∙Na+ is the number of NBS associated with Na
+
 ions. For the 0.5Na2S + 0.5[xGeS2 
+ (1-x)PS5/2] glasses, NnbS∙Na+ = 1. Ns and NnbS=S are determined using Equation 5-2 and 
Equation 5-3, respectively. Substitution of Equation 5-2 and Equation 5-3 into Equation 
5-1 and simplifying yields Equation 5-4. As may be expected, Equation 5-4 yields a 
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linear interpolation of NbS between Nbs = 0.5 at x = 0 and Nbs = 1 at x = 1 because the 
number of Na
+
 ions is held constant for the entire glass series. In order to understand why 
the Tgs of the ternary MGF glasses exhibit a negative depression relative to linear 
interpolation behavior between the end-member glasses, the amount and type of BS at 
each composition must be considered. 
   ( )    ( )        ( )          ( ) Equation 5-1 
  ( )  
 
 
(   ) Equation 5-2 
      ( )  
 
 
(   ) Equation 5-3 
   ( )  
 
 
(   ) Equation 5-4 
5.5.2 SRO-Adjusted Bridging Sulfur Model of Tg 
In Chapter 4 of this thesis,  an atomic fraction model of the various SRO 
structures present in these ternary MGF glasses was developed to describe structures of 
the 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glass system [18]. Atomic fractions (Figure 5-6) 
were determined by deconvolution and integration of 
31
P MAS-NMR spectra for the 
various phosphorus groups. The various germanium populations were approximated 
through charge neutrality considerations where the sum of all of the negative charges of 
the thiophosphate and thiogermanate SRO groups in the glass must equal -1 because 
there are only +1 positive charges in the glass. The IR and Raman vibrational spectra 
were in good agreement with the germanium SRO groups predicted from charge 
neutrality. Since, the unequal sharing of Na
+
 in the 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] 
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glasses leads to the disproportionation reaction in Equation 5-5, the effect on physical 
properties of forming P
0
 and Ge
3
 groups must be considered. 
              Equation 5-5 
One potential complication of applying the SRO atomic fraction model strictly to 
these ternary glasses arises when theGe4S10
4-
 molecular anions are considered. These 
structural groups are superstructures of Ge
3
 groups which are properly accounted for in 
our SRO model of the structures of these glasses, but none-the-less do not constitute fully 
network bridging BS structures in these glasses. The vibrational spectra showed strong 
evidence of these molecular anions being present in these glasses, but the relative 
amounts of Ge
3
 groups forming branching networks, hereafter denoted Ge
3B
, and Ge
3
 
groups forming discrete Ge4S10
4-
 anions, hereafter denoted Ge
3M
  could not be separately 
determined from the IR and Raman spectra alone. Hence, Figure 4-10 in Chapter 4, only 
reported the total amount of Ge
3
 groups in the glasses.  
Under these considerations, presumably, the formation of Ge
3M
 groups would 
produce a glass network that is less cohesive, less connected, than a glass network with 
only Ge
3B
 structures. We hypothesize, therefore, that the formation of totally 
depolymerized P
0
 and non-network forming Ge
3M
 units leads to the Tg depression 
exhibited by the Tgs of these ternary glasses in the 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] 
glass system. Christensen et al. showed that there was strong correlation between the 
number of bridging oxygens (BO) and the Tgs of the 0.35Na2O + 0.65[xB2O3 + (1-
x)P2O5] glasses [13]. It is reasonable to assume that a similar correlation exists between 
BS and the Tgs in the MGF ternary glasses under study here. The amount of BS can be 
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calculated using the SRO atomic fraction model described in Chapter 4 of this thesis and 
Equation 5-6, below, where ƒj is the mole fraction of the various jth SRO structures and 
NbSj is the number of BS associated with the jth SRO structural unit. Table 5-1 includes 
the number of BS associated with the various J
n
 species. Note that Equation 5-6 is an 
alternate formalism of Equation 5-1. 
   ( )  ∑   ( )      
 
 Equation 5-6 
As described before, the relative amounts of Ge
3B
 and Ge
3M
 groups cannot be, at 
this time, uniquely determined from vibrational spectra alone of the glasses. In order to 
test our hypothesis that the formation of P
0
 and Ge
3M
 units leads to reduced connectivity 
and lower Tgs of these ternary glasses, a method of quantifying       , the fraction of 
Ge
3
 in Ge4S10
4-
 molecular anions, is required. It is important to note that this is a fraction 
of Ge
3
 in the Ge
3M
 environment, and it is not an absolute fraction of glass-forming 
cations in the Ge
3M
 environment. For ease of comparison, scaled values of NBS, FBS, are 
calculated using Equation 5-7, and scaled Tg values, Tgʹ, are calculated using Equation 
5-8.  
   ( )  
∑         
 
 (   )
               ( ) Equation 5-7 
   ( )  
  ( )
   ( )  (   )  ( )
 Equation 5-8 
In this SRO-adjusted BS model, we will assume that Ge
3M
 groups decrease the 
connectivity of the glassy network, and thus, they are treated as having no BS, hence we 
hypothesize that the Nbs is reduced by the amount of S contained in the Ge4S10
4-
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molecular anions. If, for example, there is 0.05 moles of Ge4S10
4-
 molecular anions 
present in the glass, there would be            moles of BS not available as network 
BS. Equally, and as is the case as used here, the fraction fj used in Equation 5-7 above is 
purposefully absent the fraction      , that contains BS not contributing to the network 
connectivity. As a starting point, we will assume that      
  is constant for all ternary 
glass compositions and Tgʹ are plotted for      
  = 0, Model 0, and      
  = 1, Model 1, in 
Figure 5-7. Clearly, when      
  = 0, TʹbS(x) is a linear interpolation of TʹbS(0) and 
TʹbS(1), and it fails to reproduce the composition dependence of Tg. At the other extreme, 
if we assume      
  = 1, Model 1, that is all of the BS from Ge
3
 groups are contained in 
the Ge
3M
 units, the number of BS is grossly underestimated and would lead to a Tg 
suppression far greater than that observed for the glasses. To show the trends in more 
realistic values of       
 , FBS and Tʹg are plotted for a range of values between 
0.05 ≤      
  ≤ 0.1 in Figure 5-8, and these      
  values reproduce the overall trend in the 
composition dependence of Tg, especially for      
  = 0.07. For this reason, and as 
perhaps expected, we conclude that the formation of a small number of Ge
3M
 leads to the 
depressed Tg values of the ternary glasses, some ~93 % of the Ge are in normal Ge
3
 sites. 
The strong effect that the small fraction of Ge
3M
 has upon the Tg of these glasses 
presumably arises from the fact that a single Ge4S10
4-
 unit contains 6 BS and as a result 
can remove a relatively large number of BS from the network structure of the glass with a 
relatively small fraction of Ge4S10
4-
 units. Note that a single Ge
3
 unit only possesses 1.5 
BS. 
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In order to further refine the structural model,      
 ( ) values that more 
accurately reproduce the Tg behavior were calculated, Model 2, and a simple linear best-
fit was determined excluding the Tg data point for the x = 0.6 glass, taken presently as an 
outlier in the data, (Equation 5-9). Equation 5-9 is then used to quantify the extent of 
formation of Ge
3M
 groups, and Figure 5-9 shows Tgʹ calculated for Model 2. This model 
yields an excellent fit, where all calculated Tgʹ values are within 1% of Tgʹ derived from 
the data, with the exception of the x = 0.6 glass, which deviates by 2.27%. Using this 
model for the fraction of Ge
3M
 SRO structural units in the glasses, an improved SRO 
atomic fraction model of Ge
n
 species in these ternary glasses that now reflects the Tg 
considerations described above and derived using Equation 5-9 is shown in Figure 5-10. 
The complete adjusted SRO atomic fraction model including P
n
 and Ge
n
 species is shown 
in Figure 5-11. Note that all compositions and fractions were adjusted such that at a given 
composition the moles of P present in the glass equals 0.5∙(1-x) and the moles of Ge 
present in the glass equals 0.5∙x. 
      ( )                  Equation 5-9 
5.5.3 Molar Volume Model of the Density 
Figure 5-3 shows that the density of the 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] 
glasses increases as GeS2 is exchanged for PS5/2 across the entire composition range. 
Interestingly, the densities of the ternary compositions do not deviate significantly from 
linear interpolation behavior between the end-member glasses. The molar volumes, 
Figure 5-12, were calculated using Equation 5-10 from the density on a per atom basis, 
where the total moles of atoms at composition x, Z(x), is calculated using Equation 5-11, 
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in order to account for both the variable number of atoms in J
n
 SRO units and to see if a 
MGFE trend is apparent with the compositional atomic mass effects removed.  ̅( ) is the 
molar volume,  ̅( ) is the molar mass at composition x, and  ( ) is the experimental 
density.  
 ̅( )  
 ̅ ( )
 ( )   ( )
 Equation 5-10 
 ( )             Equation 5-11 
Figure 5-12 reveals a negative MGFE in molar volume for all values of x except 
for the x = 0.2 composition, which shows a large positive deviation. Another density 
measurement was performed in order to verify that this is behavior is real and not a 
measurement error. The x = 0.5 composition exhibits the largest negative deviation from 
linear interpolation behavior at -1.31%, while the x = 0.2 glass deviates +0.93%. In order 
to better understand the atomic level origin of this change in molar volume, we use the 
adjusted SRO atomic fraction model from section 5.5.2 to develop a molar volume model 
based on Equation 5-12, where ƒj is the mole fraction of the various jth SRO structures, 
and  ̅ ( ) is the molar volume of the various jth SRO structures.  It is unknown if  ̅  is 
constant or varies with x. Further, if  ̅  is variable, it is unknown how it varies with 
composition. 
 ̅( )  
 ̅ ( )
 ( )   ( )
 
∑   ( )   ̅  
 ( )   ( )
 ∑   ( )   ̅ ( )
 
 Equation 5-12 
The various molar volumes of the  Ge
n
 SRO structural groups were determined by 
applying Equation 5-12 to the molar volume data for the yNa2S + (1-y)GeS2 glasses, with 
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the exception of  ̅    , where the crystalline molar volume is used. The molar volumes 
of the various P
n
 SRO groups were determined by applying Equation 5-12 to molar 
volumes of the yNa2S + (1-y)PS5/2 glasses where the various   ( ) values were 
determined from 
31
P MAS-NMR as shown and described in Chapter 4. Since P
1
 and P
1P
 
arise from the same stoichiometry, crystallographic data for analogous Ag+ ion-
containing materials were used. Literature values of density determined from 
crystallographic data for Ag4P2S6 [19], analogous to the P
1P
 group, and Ag4P2S7 [20], 
analogous to P
1
, have molar volumes of 12.17 g/cm
3
 and 12.62 g/cm
3
, respectively. This 
corresponds to  ̅    
     
     
  ̅            ̅  . This relationship was inserted into 
Equation 5-12, and the resulting volumes are  ̅          and  ̅        . Binary 
glass densities are shown in Figure 5-13, and the molar volumes determined for the Ge
n
 
and P
n
 SRO structures are listed in Table 5-2.  
To test if  ̅  is constant; we calculate the molar volume assuming that all  ̅  
remain constant for all x (Model 3). Model 3 results are shown in Figure 5-14. Model 3 
predicts a modest decrease in molar volume for all compositions except for the x = 0.2 
glass, which overlaps the linear interpolation of the x = 0 and x = 1 glasses. The trend of 
decreased molar volume is consistent with the trend in molar volume data, but the 
magnitude of the decrease is larger than predicted by Model 3, which suggests that  ̅  are 
not constant in the ternary glasses. 
To improve the agreement between the model and experimental molar volume 
data, Model 4 hypothesizes that as PS5/2 is exchanged for GeS2 moving from x = 1 to 
x = 0, Ge
n
 based groups are terminated either directly by P
n
 groups bonding to Ge
n
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groups through a BS or due to the proximity of P
n
 groups. If this is true, Ge
3B
 groups 
would become more isolated, and Ge
2
 chains would become shorter. It is plausible that 
limiting the size of Ge
n
 networks would lead to increased packing efficiency of Ge
n
 
species which corresponds to smaller molar volumes. Crystalline values for the molar 
volume are used as boundary conditions as x approaches 0, and  ̅    and  ̅    are 
decreased linearly from values determined from the yNa2S + (1-y)GeS2 glasses. Model 4 
results are shown in Figure 5-15. Model 4 predicts a decrease in the molar volume for all 
ternary glasses, and the calculated molar volumes show excellent agreement with 
measured values for all compositions except the x = 0.2 glass. Densities calculated from 
Model 4 are shown in Figure 5-16 and show excellent agreement with the measured 
values. Only the calculated density for the x = 0.2 glass lies outside of experimental error. 
The excellent match of Model 4 with the experimental data indicates that the Gen SRO 
groups experience increased packing efficiency with increasing concentration of PS5/2 in 
the ternary glasses. 
5.6 Conclusions 
The Mixed Glass Former Effect (MGFE) in 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] 
glasses manifests itself in a negative deviation from the linear interpolation of the 
properties of the binary end-member glasses, x = 0 and x = 1, of the Tgs, but not in the 
densities. Molar volumes of these MGF glasses reveal small deviations from a linear 
interpolation of the binary end-member glasses. A slight increase in density and 
corresponding decrease in molar volume is apparent in the 0.3 ≤ x ≤ 0.9 compositions. It 
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is found that the thiophosphate and thiogermanate SRO structural groups do not equally 
share Na
+
 ions in the ternary compositions, the thiophosphate structural groups are found 
to possess more Na
+
 than their base composition would suggest. To account for this, the 
dominant disproportionation reaction in the 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses is 
suggested to be Na2PS7/2 + Na2GeS3 → Na3PS4 + NaGeS5/2. Formation of branching 
NaGeS5/2 structures may be expected to cause a positive deviation from linear behavior of 
the Tg of the glasses; however, the Tg data reveals slight negative deviation from linearity 
in the Tgs. We proposed that this negative deviation is due to the formation of Ge4S10
4-
 
molecular anions where the Ge
3
 groups in this molecular anion do not contribute to the 
network connectivity of the glass. An adjusted SRO atomic fraction model was 
developed by investigating the MGFE on Tg, which allowed quantification of Ge4S10
4-
 
molecular anion formation. This revised structural model was used to investigate the 
densities in the 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses. The slight increase in density 
and corresponding decrease in molar volume is caused by increased packing efficiency of 
the germanium sulfide species in the ternary compositions due to smaller polymerized 
networks. These results will be used to analyze the MGFE on ionic conductivity in the 
0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses. 
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5.9 Tables 
Table 5-1. Number of bridging sulfurs, NBSj, associated with each P
n
 structural unit. P
1P
 is 
considered to have 0.5 bridging sulfurs to account for its connectivity. NBSj 
values are on a 0.5 glass forming cation basis. 
Table 5-2. Molar volumes of J
n
 structures determined from the densities of the binary 
yNa2S + (1−y)GeS2 and yNa2S + (1−y)PS5/2 glasses. 
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5.10 Figures 
Figure 5-1. DSC thermogram of the x = 0 glass and determination of the glass transition 
temperature, Tg, by the onset method. 
Figure 5-2. Composition dependence of the glass transition temperature, Tg, of the 
0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses. Error bars indicate measurement 
error determined from the melting point of indium metal. 
Figure 5-3. Composition dependence of the density, ρ, of the 0.5Na2S + 0.5[xGeS2 + (1-
x)PS5/2] glasses. 
Figure 5-4. Thiophosphate glass structures present in the 0.5Na2S + 0.5[xGeS2 + (1-
x)PS5/2] glasses. 
Figure 5-5. Thiogermanate glass structures present in the 0.5Na2S + 0.5[xGeS2 + (1-
x)PS5/2] glasses. 
Figure 5-6. Fraction of structural units in the 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses 
as determined by 
31
P MAS-NMR for phosphorus species. Germanium 
species are calculated from the remaining charge determined from 
31
P MAS-
NMR while maintaining charge balance. 
Figure 5-7. Scaled glass transition temperature, Tgʹ, and calculated Tgʹ assuming all Ge
3B
 
in the glass,      
  = 0, Model 0; and calculated Tgʹ assuming only Ge
3M
 is 
present in the glass,      
  = 1, Model 1. 
Figure 5-8. Scaled glass transition temperature, Tgʹ, and calculated Tgʹ for 
0.05 ≤       
  ≤ 0.1. 
Figure 5-9. Scaled glass transition temperature, Tgʹ, and calculated Tgʹ for      
 ( )  
               , Model 2. 
Figure 5-10. Fraction of Ge
n
 structural units in the 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] 
glasses as determined by maintaining charge balance and through      
  
calculated using Equation 5-9. 
Figure 5-11. Fraction of structural units in the 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses 
as determined by 
31
P MAS-NMR for phosphorus species. Abundance of Ge
n
 
structural units in the 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses as 
determined by maintaining charge balance and through      
  calculated 
using Equation 5-9. 
Figure 5-12. Composition dependence of the molar volume,  ̅( ), of the 
0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses. 
Figure 5-13. Densities of the binary yNa2S + (1-y)PS5/2 and yNa2S + (1-y)GeS2 glasses. 
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Figure 5-14. Molar volume,  ̅( ), of the 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses 
compared to the calculated molar volume using Model 3 (top panel) and  ̅  
used in Model 3 (bottom panel). 
Figure 5-15. Molar volume,  ̅( ), of the 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses 
compared to the calculated molar volume using Model 4 (top panel) and  ̅  
used in Model 4 (bottom panel). 
Figure 5-16. Composition dependence of the density, ρ, of the 0.5Na2S + 0.5[xGeS2 + (1-
x)PS5/2] glasses compared with densities calculated from molar volume 
Model 4. 
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Table 5-1 
J
n
 Bridging Sulfur/J      
P
2
 1 0.5 
P
1
 0.5 0.25 
P
1P
 0.5 0.25 
P
0
 0 0 
Ge
4
 2 1 
Ge
3
 1.5 0.75 
Ge
2
 1 0.5 
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Table 5-2 
J
n
  ̅  (cm
3
/mol) 
P
2
 15.31 
P
1
 14.42 
P
1P
 13.89 
P
0
 13.96 
Ge
4
 16.65 
Ge
3B
 14.95 
Ge
3M
 14.41 
Ge
2
 14.49 
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6.1 Abstract 
The 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses exhibit a negative MGFE in Na
+
 
ion conductivity and non-Arrhenius temperature dependence. The non-Arrhenius 
behavior arises from the local distribution of bond lengths and angles inherent in glassy 
networks and is enhanced by the increased variety of anionic SROs in MGF glasses. The 
Anderson-Stuart model of the activation energies in these glasses reveals the origin of the 
negative MGFE to be due to an increase in dielectric stiffness or a decrease in relative 
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permittivity, which when coupled with an increase in the Na
+
 ion jump distance causes 
the activation energy to go through a maximum. Insights from the current study may 
enable the prediction and design of MGF systems that lead to a positive MGFE in the 
ionic conductivity. 
6.2 Introduction 
Reliable energy storage systems are required to meet the demand for renewable 
energy. Global conversion and consumption of energy is currently ~15 TW and is 
expected to double by 2050 [1, 2]. The typical electrical power profile renewable energy 
sources, chiefly solar and wind, are cyclic in nature [1, 3-5]. This rapidly growing 
demand requires the development of new energy storage technologies, such as next-
generation ion batteries. 
Currently, rechargeable lithium-ion batteries depend on liquid electrolytes that 
rely on flammable organic liquid electrolytes, and these liquid electrolytes can also foster 
lithium dendrite growth if a lithium anode is used, leading to severe safety concerns [4, 
6]. Graphite anodes form an intercalation compound, LiC6, and mitigate dendritic 
formation [4], but the charge density is 372 mAh/g [7] versus the charge density of a 
lithium metal anode [8] with a charge density of ~4000 mAh/g. Alternatively, solid 
electrolytes can mitigate the dendrite growth and enable use with high charge density 
lithium metal anodes [6]. The design of solid electrolytes with sufficient alkali-ion 
conductivities, at least 10
-3
 S/cm at 25 °C, may offer a solution to this safety problem. 
Alkali ion conducting glasses may be able to meet these challenging design constraints. 
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An increase in the ionic conductivity of glasses can be achieved by mixing two glass 
former cations at constant fraction of the mobile cation, known as the mixed glass former 
effect (MGFE) [9-13]. For this reason, we have begun an in-depth study of the MGFE in 
oxide and sulfide glasses. Currently, structures and properties of sodium modified MGF 
systems that include B2O3, SiO2, P2O5, SiS2, GeS2, and P2S5 glass formers are being 
characterized in an effort to better understand and exploit  the MGFE to enable optimized 
solid electrolytes for next-generation alkali ion batteries. 
In order to understand the origin of the MGFE, a study of the structure of the 
glasses in the system 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2]  was performed and reported in 
Chapter 4. The outcome was a short range order, SRO, atomic fraction model that 
accurately described the composition (x) dependence of all of the SRO structures, see 
Figure 4-10. These atomic fractions were determined by a combination of Raman, IR and 
NMR spectroscopies that first identified the compositional ranges over which these 
various SRO structures were present in the glasses. Having identified which structural 
groups were present for each glass composition x, their atomic fractions were determined 
by integration of 
31
P MAS-NMR spectra for the phosphorus populations and by charge 
neutrality requirements for the germanium populations. For the latter, it was found 
through a careful inspection and analysis of the composition dependence of the glass 
transition temperature (Tg) of the glasses that the relative amounts of Ge
3B
 and Ge
3M
, 
where the superscripts B and M refer to four coordinated Ge centers that have three 
bridging sulfurs (BS) to other Ge atoms to create a branching three dimensional 
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connected network and Ge centers that have three BS to other Ge atoms to form 
molecular Ge4S10
4-
 units that do not contribute to extended network formation.  
Through this SRO population analysis it was found that the Na
+
 cations are 
unequally shared among the various Ge and P SRO structures in the 0.5Na2S + 0.5[xGeS2 
+ (1-x)PS5/2] glasses and a structural disproportionation reaction,  Equation 5-5, was 
found to accurately describe the nature of the conversions among the SRO structures in 
the glass to account of the observed composition dependence of the unequal sharing of 
the Na
+
 ions in the glass. The best-fit adjusted SRO model is reproduced in Figure 5-1. 
P
1
, P
1P
, and P
2
 structures take Na
+
 from Ge
2
 groups, converting P
1
 and P
1P
 groups into P
0
 
groups, while the Ge
2
 is converted to Ge
3B
, Ge
3M
, or Ge
4
 groups. 
              Equation 6-1 
A preliminary report,  included in Chapter 3 of this thesis, concluded that the non-
Arrhenius temperature dependence of the ionic conductivity exhibited by the 0.5Na2S + 
0.5[xGeS2 + (1-x)PS5/2] glasses is due to a distribution of activation energies, DAE [14]. 
These glasses exhibit a negative MGFE, which we discuss in the current study aimed at 
explaining the atomic-level origin of composition dependence of the ionic conductivity. 
Insights from this study may allow design of MGF sulfide glasses that exhibit a positive 
MGFE on the ionic conductivity that results in glass compositions with suitable ionic 
conductivities for use in solid state electrolytes. 
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6.3 Experimental Methods 
6.3.1 Sample Preparation 
All syntheses were carried out in a high purity N2 glove box, where O2 and H2O 
levels are below 10 ppm. Since high purity Na2S is not commercially available, it was 
synthesized in our laboratory by the thermal decomposition of Na2S∙9H2O. The 
Na2S·9H2O was placed in a vitreous carbon crucible with a lid that is placed in a stainless 
steel reaction chamber. This reaction chamber was then placed in a crucible furnace so 
that the sample was within the furnace and part of the reaction chamber extends outside 
the furnace. The reaction chamber was then sealed with a water cooled rubber o-ring top 
and connected to a vacuum pump. The hydrated crystalline material was then slowly 
heated under vacuum up to 150 °C over a period of at least two hours, after which the 
temperature was slowly increased to 650 °C and held for approximately 20 hours. The 
reaction chamber containing the now dehydrated Na2S was transferred to the glove box 
and unloaded. IR spectroscopy and x-ray diffraction (XRD) were used to confirm the 
absence of residual contaminate oxides and the phase purity, respectively, of the material.  
Glassy GeS2 was prepared by reacting stoichiometric amounts of germanium 
powder and sulfur in an evacuated silica ampoule at 900 °C for approximately 16 hours. 
The ampoule was air quenched to room temperature and glassy GeS2 was obtained. 
Phosphorus pentasulfide (P2S5) is commercially available and was used as received 
(99.9% Sigma-Aldrich). 
The ternary 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses were prepared by mixing 
the appropriate ratio of binary 0.5Na2S + 0.5GeS2 and 0.5Na2S + 0.5PS5/2 glasses. The 
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0.5Na2S + 0.5GeS2 glass was prepared by adding appropriate amounts of Na2S and GeS2 
fine powders to a vitreous carbon crucible that was covered and then melted at 730 °C for 
3-5 minutes before quenching to room temperature between brass plates. The 0.5Na2S + 
0.5PS5/2 glass was mechanically milled using a planetary mill to initiate pre-reaction of 
the starting materials prior to melting in a carbon crucible in order to avoid sublimation 
of the PS5/2. After melting at 730 °C for 3-5 minutes, the glass was quenched between 
brass plates to room temperature, and mass losses were less than 1%. Ternary mixtures 
were then melted in covered vitreous carbon crucibles inside a mullite muffle tube 
furnace at 730 °C for 3-5 minutes. The samples were then removed from the furnace and 
allowed to cool inside the crucible. Mass losses were recorded and in all cases found to 
be less than 2 wt.% and the glasses were then remelted at the same temperature for an 
additional three minutes and quenched to room temperature between brass plates. All 
samples were transparent and showed no visual signs of crystallization and/or phase 
separation. 
Bulk samples were prepared by quenching glass compositions in preheated brass 
molds. The low viscosity melts were poured into molds held at temperatures 30 
o
C below 
the Tg of the glass and annealed for 30 minutes. After annealing, the bulk samples were 
cooled to room temperature at a rate of 1 °C/minute. The bulk samples had a diameter of 
~24 mm and were ~2 mm thick. 
6.3.2 Ionic Conductivity Measurements of the Glasses 
Bulk samples with a diameter of ~24 mm and thickness of ~2 mm were polished 
to optical transparency by progressively polishing the samples up to 4000 grit polishing 
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paper and sputtered with gold electrodes with a diameter of ~13 mm. The complex 
impedance spectra were measured Using a Novocontrol Technologies Concept 80 
impedance spectrometer from 0.1 Hz to 3 MHz and temperatures from -50 °C to 150 °C 
with a bias voltage of 1 V. The temperature was held within ±0.5 °C of the nominal set 
point for three minutes prior to data collection to stabilize the temperature.  
6.4 Results 
An example of fitting a complex impedance arc is shown in Figure 5-2. The direct 
current (DC) conductivity of each glass sample at each temperature was found by fitting 
the complex impedance arc using Equation 6-2, to determine the resistance, R, of the 
sample, where Equation 6-2 models the impedance, Z, of a resistor in parallel with a 
constant phase element, Q. The parameter  n is an exponent that ranges from 0 to 1, i is 
√  , and ω = 2πf  is the angular frequency. The constant phase element helps account 
for the depression of the semicircle that is expected for a parallel R-C circuit. The 
depression is thought to be a consequence of frequency dispersion in the material [15, 
16]. The complex impedance arc is due to the bulk response of the resistive and 
capacitive behavior of the material, and the spike occurring at low frequency (see Figure 
5-2) is due to space charge polarization, where the Na
+
 ions can build up on the blocking 
electrodes and balance the bias voltage. Once the bulk resistance is determined, the DC 
conductivity,    , can be determined with the sample thickness, t, and electrode area, A, 
using Equation 6-3. Room temperature ionic conductivities are shown in Figure 6-3. 
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 Equation 6-2 
    
 
 
 
 
 
 Equation 6-3 
6.5 Discussion 
6.5.1 Non-Arrhenius Ionic Conductivity 
An example of the temperature dependence of the DC ionic conductivity is shown 
in Figure 5-3, which includes the best-fit of the data using the DAE model described in 
Chapter 3 of this thesis. As was previously discussed in Chapter 3, a distribution of the 
chemical environment and energy barriers to ion conduction experienced by Na
+
 ions is 
expected [14]. Therefore, an Arrhenius temperature dependence of the ionic conductivity 
is not anticipated because this would require a singular-valued activation energy. We can 
replace the temperature-independent activation energy in Equation 3-1 with the 
expression for the temperature-dependent expectation energy in Equation 3-4, yielding 
Equation 6-4, which we use to determine the average activation energies,    , the 
standard deviation of the activation energy,  , and the pre-exponential factor,   . In this 
expression, T is the absolute temperature and   is the ideal gas constant. Frame (b) in 
Figure 3-2 shows that this approximation is valid for the temperature range of most 
experiments, but the approximation breaks down in the limit of small T and large δ/ΔE0. 
The model also predicts that the DAE behavior is accentuated at lower temperatures. This 
hypothesis was tested for an oxide glass prepared by Christensen in our research group, 
by collecting impedance spectra for temperatures ranging from -100 °C to 300 °C. The 
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result is shown in Figure 6-5, and it verifies that oxide glasses that appear to exhibit 
Arrhenius ionic conductivities at ambient temperature and above, actually exhibit non-
Arrhenius ion conductivities that are detectable at sub-ambient temperatures. 
  (    )    (  )  
    
  
  
  
 
Equation 6-4 
The 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses exhibit non-Arrhenius ionic 
conductivities for all values of x, where the composition dependence of   can be linked 
to the distribution of local structures. If we consider the number of SROs at each 
composition that Na
+
 ions charge balance, the ternary compositions have more SROs 
associated with Na
+
 than the binary compositions x = 0 and x = 1. Further, as the number 
of SROs increases, the variety of energy barriers also increases. Chapters 4 and 5 discuss 
the development of a SRO structural model for J
m
 species, where J is the glass-forming 
cation P or Ge, and m is the number of bridging sulfurs, BS, associated with that SRO 
structure. As the number of different J
m
 species increases, the number of different types 
of energy barriers that a Na
+
 ion must overcome to conduct from one J
m
 species to an 
adjacent J
m
 species also increases. From a basic statistics point of view, the number of 
different types of J
m
-J
m
 conduction pathways is the number of permutations with 
repetition, or    
 , where     is the number of different charge-compensating SRO 
structures present in the glass. For example, from Figure 5-1, it is seen that the x = 0.4 
glass has 6 different SROs associated with Na
+
 ions (P
0
, Ge
3B
, P
1P
, P
1
, Ge
2
, and Ge
3M
 in 
order of decreasing concentration), which leads to 36 different types of conduction 
pathways. The permutations approach predicts that the ternary compositions will have a 
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wider distribution of activation energies. The two lobes that are evident in the 
composition dependence of  , where a local minimum occurs at x = 0.5, are not 
accounted for by the permutation approach. Since     and   are coupled parameters, 
further analysis of     may determine the origin of the two lobes that are present in the 
activation energies. Further, the DAE model does not address the structural origin of the 
magnitude of the energy barriers in the glasses. In order to determine the cause of the 
MGFE on the Na
+
 ion conductivity, the compositional dependence of     will be 
considered in 6.5.2. 
6.5.2 The Anderson-Stuart Model 
The ionic conductivity can be described according to Equation 1-2, where n is the 
number of mobile ions per unit volume, q is the charge, and μ is the mobility. Since the 
ionic conductivities of the 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses goes through a 
minimum, the activation energy of n, μ, or both parameters must increase for ternary 
compositions versus the binary end-member glasses. Anderson and Stuart developed a 
model to calculate the activation energy for conduction [17], which has been used to 
examine the activation energies in many different glass systems [18-21]. The Anderson-
Stuart, A-S, model assumes that for an ion to conduct in a glass, it must first overcome 
the energy required to move an ion from one charge-compensating site to another, related 
to the electrostatic binding energy experience by the ions in the glass. The A-S model 
also accounts for the energy required to deform the glass network enough for the mobile 
ion to have the space needed to pass from one charge-compensating site to another. 
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        Equation 1-2 
6.5.2.1 Electrostatic Binding Energy and Mobile Charge Carrier Population 
The activation energy that must be overcome to create a mobile ion population, n, 
is related to the electrostatic binding energy of Na
+
 ions, and is denoted ΔEb. The A-S 
model approximates the electrostatic binding energy as 
    
 
      
(
      
 
      
 
      
 
 
 ⁄
)  
      
 
      
(
 
      
 
 
 
) Equation 1-7 
where     and    are the valences of sodium and sulfur, respectively, e is the electronic 
charge,    is the permittivity of free space,    is the high frequency relative permittivity 
of the sample,     and    are the ionic radii of sodium and sulfur, respectively, and   is 
the distance the Na
+
 ion must travel to an adjacent site. Anderson and Stuart assumed that 
the energy required to move from one site to another only involved half of the jump 
distance, λ, because, presumably, once that distance is travelled, the ion will be 
electrostatically attracted to the destination site. The relative permittivity of a given glass, 
  , was determined from dielectric impedance spectroscopy measurements in the MHz 
frequency range by determining the value of the high frequency plateau in the real 
permittivity. An example is shown in Figure 6-7. The composition dependence of the 
relative permittivity is shown in Figure 6-8. 
The relative permittivity is lower for all ternary compositions than that of the 
binary end-member glasses x = 0 and x = 1, with the exception of the x = 0.5 glass. The 
x = 0.5 glass has a relative permittivity between that of the binary end-member glasses. If 
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   increases, the ions are more polarizable, and a decrease in    indicates that ions are 
less polarizable. The latter may indicate that ions are more tightly bound, which might 
coincide with an increase in Tg. This is not consistent with Tg values for the 0.5Na2S + 
0.5[xGeS2 + (1-x)PS5/2] glasses, which exhibit Tg depression in the ternary glasses. In 
Chapter 5 we concluded that the decrease in Tg was caused by the formation of Ge
3M
 
groups, which do not significantly increase the connectivity of the glass network. In this 
case, it appears that Ge
3B
 and Ge
3M
 may have comparable polarizabilities. This explains 
why Tg decreases and the permittivity also decreases, indicating that the dielectric 
stiffness, or the inverse of the dielectric permittivity, increases while the mechanical 
stiffness does not.
 
The ionic radius of sodium,    , was reported by Shannon as 1.16 Å [22], and is 
considered to be approximately constant. The Ge–S, P–S, and Na+ –S, bond lengths are 
thought to decrease based on the changes in molar volume reported in Chapter 5. Molar 
volumes,  ̅( ), from Chapter 5 were used to estimate        and   values for ΔEb 
calculations. Table 5-1 lists all Anderson-Stuart parameters used in this study.   ( ) was 
calculated using Equation 6-5. Equation X shows a sample calculation, and   ( ) shows a 
decrease from 3.52 Å for the x = 0 glass to 3.43 Å for the x = 1 glass. The jump distance, 
 , was calculated directly from  ̅( ) using Equation 6-7, and a sample calculation is 
included in Equation 6-8. This method assumes that conduction pathways include all 
glass-forming species, even those that are not associated with Na
+
 ions. Using these 
parameters, we can calculate the electrostatic binding energy,    . An example 
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calculation of the x = 0.7 glass is shown in Equation 6-9. The composition dependence of 
    is shown in Figure 6-9. 
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The calculated electrostatic binding energy has two lobes with a local minimum 
of 25.7 kJ/mol occurring at x = 0.5, and the binding energy of the x = 0 (26.1 kJ/mol) 
glass is slightly larger than the x = 1 glass (24.5 kJ/mol). The increase in this calculated 
activation energy for the majority of the ternary glass compositions is in agreement with 
the compositional trend of ΔE0 determined from ionic conductivity data, where the 
energy barriers are greater for the ternary glasses, and a local minimum exists at x = 0.5. 
Further, the dielectric permittivity shown in Figure 6-8 also shows a corresponding local 
maximum for the x = 0.5 glass, leading to two lobes in the calculated ΔEb. For this 
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reason, we conclude that the two lobes in the composition dependence of experimentally 
determined ΔE0 values is caused by dielectric permittivity. 
6.5.2.2 Strain Energy and Mobile Ion Mobility 
Anderson and Stuart approximate the energy barrier associated with moving the 
mobile ion through space as being the strain energy,    , that must be overcome to dilate 
the ion through a cylindrical medium. We will use the modification of this term that was 
suggested by McElfresh and Howitt according to Equation 6-10 [23]. A cartoon of the 
path a Na
+
 ion jumps through is shown in Figure 6-10. Additional parameters to those 
used in the binding energy term include the shear modulus, G, and the doorway radius, 
  . We can approximate   ( ) from   ( ) using the method proposed by Christensen, in 
which the Na
+
 resided in a trigonal bipyramidal structure of oxygen, and it was assumed 
that the Na
+
 must pass through an edge of trigonal bipyramidal structure. 
      
 
 
(      )
  Equation 6-10 
Unfortunately, the shear moduli for these glasses are not currently known. Since 
the driving force for dilation of the Na
+
 ion is the applied electric field, it is appropriate to 
calculate G(x) according to the relation in Equation 6-11 [24], where e is the electronic 
charge,   is the polarizability determined from the Clausius-Mossotti relation in Equation 
6-12. The estimated shear moduli of the 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses 
determined from Equation 6-11 is shown in Figure 6-11. An example calculation for the 
x = 0.7 glass is included in Equation 6-13. 
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Equation 6-13 
The strain energy,    ( ), calculated from Equation 6-9 is plotted in Figure 6-12. 
   ( ) is two-lobed an a similar fashion to the calculated    ( ). Again, the trend in the 
calculated energy barrier follow a similar trend as the ΔE0 values determined 
experimentally. Also, the dielectric permittivity appears to control the overall behavior of 
the energy barrier, as was the case for the electrostatic binding energy. 
6.5.2.3 Cause of the Negative MGFE in the Na+ ion conductivity 
The total activation energy predicted by the Anderson-Stuart model is shown in 
Figure 6-13. The calculated strain energy values are roughly half as large as the 
calculated binding energies, which makes the electrostatic binding energy the dominant 
effect on the total activation energy. Further, the A-S calculated activation energy has 
two lobes with a local minimum occurring at x = 0.5, which is consistent with DAE 
values. The A-S model predicts appropriate composition dependence of the activation 
energy, and by extension the ionic conductivities. The absolute values of the energy 
barriers are roughly 1.5 times smaller than those determined experimentally, but the 
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insights provided by the model results explain the origin of the negative MGFE in the 
0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses. The difference in the calculated and 
experimentally determined values likely arises from error in estimating the the various A-
S parameters and possible over-simplification of the physical processes involved in ion 
conduction. Further, the A-S model does not account for probability that an adjacent site 
is vacant or occupied. 
The formation of P
0
 groups is balances by Ge
3
 structures which lead to an 
increase in the dielectric stiffness (inverse of the dielectric permittivity), which in turn, 
causes an increase in the electrostatic binding energy and the strain energy experienced 
by Na
+
 ions. These increased binding energies in the ternary glasses cause the decrease in 
the conductivity. In effect, the P
0
 and Ge
3
 SROs act as Na
+
 ion traps in the glass. In the 
binary Na2S + PS5/2 glasses, P
0
 groups increase the ionic conductivity because their Na
+
 
ion concentration is large and, thus, the jump distance associated with P
0
 groups is 
relatively small. Unfortunately, in the 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses, the J
n
 
species present all have larger jump distances than the P
0
 group. It follows, then, that if 
the P
0
 groups are homogeneously dispersed in the glass and do not cluster, the average 
Na
+
 ion jump distance to an adjacent site must increase, which increases the energy 
barrier to conduction. 
6.5.3 Prediction of Positive MGFE Glass Systems  
The prediction and design of MGF systems that lead to a positive MGFE in the 
ionic conductivity may be possible based on insights from the current study. The 
dielectric permittivity directly controls the MGFE on ionic conductivity in the 0.5Na2S + 
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0.5[xGeS2 + (1-x)PS5/2] glasses. This implies that   ( ) must go through a maximum in 
order to cause a positive MGFE in ionic conductivity. Again, unequal sharing of the 
mobile ion is expected, which implies that one glass-forming species will be over-
modified relative to the binary glass, or it will be associated with more alkali ions relative 
to the binary end-member glass. The other glass-forming species will then be under-
modified, or it will be associated with fewer alkali ions relative to the binary end-member 
glass. The over-modified glass former is expected to experience an increase in dielectric 
permittivity, while the under-modified glass former is expected to experience a decrease 
in dielectric permittivity. The total change in dielectric permittivity must be positive to 
ensure a positive MGFE, or ∑      . 
6.6 Conclusions 
The 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses exhibit a negative MGFE in Na
+
 
ion conductivity and non-Arrhenius temperature dependence. The non-Arrhenius 
behavior arises from the local distribution of bond lengths and angles inherent in glassy 
networks and is enhanced by the increased variety of anionic SROs in MGF glasses. The 
Anderson-Stuart model of the activation energies in these glasses reveals the origin of the 
negative MGFE to be due to an increase in dielectric stiffness or a decrease in relative 
permittivity, which when coupled with an increase in the Na
+
 ion jump distance causes 
the activation energy to go through a maximum. Insights from the current study may 
enable the prediction and design of MGF systems that lead to a positive MGFE in the 
ionic conductivity. 
165 
 
6.7 Acknowledgements 
This research was supported by the National Science Foundation under grant 
number DMR-0710564 and this research support is gratefully acknowledged. 
  
166 
 
6.8 References 
[1] G.W. Crabtree, N.S. Lewis, Solar energy conversion, Phys Today, 60 (2007) 37-42. 
[2] G.M. Whitesides, G.W. Crabtree, Don't forget long-term fundamental research in 
energy, Science, 315 (2007) 796-798. 
[3] H.D. Abruna, Y. Kiya, J.C. Henderson, Batteries and electrochemical capacitors, 
Phys.Today, 61 (2008) 43-47. 
[4] M.S. Whittingham, Materials challenges facing electrical energy storage, MRS Bull., 
33 (2008) 411-419. 
[5] P. Wray, Lithium lowdown, Am.Ceram.Soc.Bull., 88 (2009) 17-24. 
[6] J.B. Goodenough, Y. Kim, Challenges for Rechargeable Li Batteries, Chem.Mater., 
22 (2010) 587-603. 
[7] H. Kim, M. Seo, M.-H. Park, J. Cho, A Critical Size of Silicon Nano-Anodes for 
Lithium Rechargeable Batteries, Angewandte Chemie International Edition, 49 
(2010) 2146-2149. 
[8] J.M. Tarascon, M. Armand, Issues and challenges facing rechargeable lithium 
batteries, Nature, 414 (2001) 359-367. 
[9] Y. Kim, J. Saienga, S.W. Martin, Preparation and characterization of germanium oxy-
sulfide GeS2-GeO2 glasses, J.Non-Cryst.Solids, 351 (2005) 1973-1979. 
[10] Y. Kim, J. Saienga, S.W. Martin, Anomalous Ionic Conductivity Increase in Li2S + 
GeS2 + GeO2 Glasses, Journal of Physical Chemistry B, 110 (2006) 16318-16325. 
[11] A. Pradel, N. Kuwata, M. Ribes, Ion transport and structure in chalcogenide glasses, 
Journal of Physics: Condensed Matter, 15 (2003) S1561-S1571. 
[12] A. Pradel, C. Rau, D. Bittencourt, P. Armand, E. Philippot, M. Ribes, Mixed Glass 
Former Effect in the System 0.3Li2S-0.7[(1-x)SiS2-xGeS2]: A Structural Explanation, 
Chemistry of Materials, 10 (1998) 2162-2166. 
[13] M. Schuch, C.R. Mueller, P. Maass, S.W. Martin, Mixed Barrier Model for the 
Mixed Glass Former Effect in Ion Conducting Glasses, Phys.Rev.Lett., 102 (2009) 
145902/145901-145902/145904. 
[14] C. Bischoff, K. Schuller, S.P. Beckman, S.W. Martin, Non-Arrhenius Ionic 
Conductivities in Glasses due to a Distribution of Activation Energies, Physical 
Review Letters, 109 (2012) 075901. 
[15] P.H. Bottelberghs, G.H.J. Broers, Interfacial impedance behaviour of polished and 
paint platinum electrodes at Na2WO4-Na2MoO4 solid electrolytes, Journal of 
Electroanalytical Chemistry and Interfacial Electrochemistry, 67 (1976) 155-167. 
[16] I.D. Raistrick, C. Ho, Y.W. Hu, R.A. Huggins, Ionic conductivity and electrode 
effects on β-PbF2, Journal of Electroanalytical Chemistry and Interfacial 
Electrochemistry, 77 (1977) 319-337. 
[17] O.L. Anderson, D.A. Stuart, Calculation of activation energy of ionic conductivity in 
silica glasses by classical methods, J. Am. Ceram. Soc., 37 (1954) 573-580. 
[18] S.R. Elliott, Calculation of the dc conductivity activation energy of ionically 
conducting glasses, Journal of Non-Crystalline Solids, 172–174, Part 2 (1994) 1343-
1352. 
167 
 
[19] J.O. Isard, K.K. Mallick, Analysis of the lithium ion conductivity in aluminium 
metaphosphate glasses, Solid State Ionics, 21 (1986) 7-18. 
[20] M.J. Ryan, S.I. Smedley, The effect of pressure on fast ion conductivity in glasses, 
Journal of Non-Crystalline Solids, 65 (1984) 29-37. 
[21] Y.S. Tver'yanovich, V.V. Aleksandrov, I.V. Murin, E.G. Nedoshovenko, Glass-
forming ability and cationic transport in gallium containing chalcohalide glasses, 
Journal of Non-Crystalline Solids, 256–257 (1999) 237-241. 
[22] R. Shannon, Revised effective ionic radii and systematic studies of interatomic 
distances in halides and chalcogenides, Acta Crystallographica Section A, 32 (1976) 
751-767. 
[23] D.K. McElfresh, D.G. Howitt, Activation enthalpy for diffusion in glass, Journal of 
the American Ceramic Society, 69 (1986) C237-C238. 
[24] J.J. Gilman, Chemistry and Physics of Mechanical Hardness, John Wiley & Sons, 
2009. 
 
  
168 
 
6.9 Tables 
Table 5-1. Parameters and results of the Anderson-Stuart model of the activation energies 
in the 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses. 
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6.10 Figures 
Figure 5-1. Fraction of structural units in the 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses 
as determined by 
31
P MAS-NMR for phosphorus species. Abundance of Ge
n
 
structural units in the 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses was determined by 
maintaining charge balance and through      
  calculated using      
         
        . 
Figure 5-2. Example of bulk resistance determination from complex impedance spectra of 
the 0.5Na2S + 0.5[0.7GeS2 + 0.3PS5/2] glass. 
Figure 6-3. Composition dependence of the ionic conductivity, σ, of the 
0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses at 25 °C. 
Figure 5-3. Temperature dependence of the ionic conductivity, σ, of the 
0.5Na2S + 0.5[0.7GeS2 + 0.3PS5/2] glass, which is representative of the non-Arrhenius 
temperature dependence of all the glass samples. 
Figure 6-5. Temperature dependence of the ionic conductivity, σ, of an oxide glass, 
0.35Na2O + 0.65[0.4B2O3 + 0.6P2O5] glass, which shows that non-Arrhenius 
behavior is exhibited by glasses that appear to have Arrhenius temperature 
dependence above ambient temperatures. 
Figure 6-6. DAE model parameters determined from the ionic conductivity of the 
0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses. 
Figure 6-7. Example real dielectric permittivity plot of the 0.5Na2S + 0.5[0.7GeS2 + 
0.3PS5/2] glass, where the high frequency plateau is the relative permittivity. 
Figure 6-8. Composition dependence of the dielectric permittivity, ε∞, of the 
0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses. 
Figure 6-9. Composition dependence of the calculated binding energy, ΔEb, of the 
0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses. 
Figure 6-10. Cartoon of the doorway radius and conduction pathway for ion conduction. 
Figure 6-11. Composition dependence of the calculated shear moduli, G, of the 
0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses. 
Figure 6-12. Composition dependence of the calculated strain energy, ΔES, of the 
0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses. 
Figure 6-13. Composition dependence of the calculated activation energy, ΔEa, of the 
0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] glasses determined from the Anderson\-Stuart 
model. 
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Table 6-1 
x ZNa ZS    rNa + rS λ G rD ΔEb ΔEs ΔEa 
0 1 2 19.72 3.52 4.262 13.1 0.688 26.1 11.7 37.8 
0.2 1 2 19.23 3.51 4.250 13.3 0.690 26.8 11.8 38.6 
0.3 1 2 19.33 3.49 4.22 13.6 0.693 26.9 11.9 38.8 
0.4 1 2 18.34 3.48 4.21 13.9 0.694 28.4 12.0 40.5 
0.5 1 2 20.37 3.47 4.20 13.9 0.695 25.7 11.9 37.6 
0.6 1 2 19.078 3.46 4.19 14.1 0.697 27.5 12.0 39.5 
0.7 1 2 18.55 3.45 4.18 14.3 0.697 28.3 12.1 40.3 
0.8 1 2 18.29 3.45 4.17 14.4 0.698 28.7 12.1 40.8 
1.0 1 2 21.43 3.43 4.16 14.2 0.700 24.5 11.8 36.4 
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Figure 6-4 
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Chapter 7. Conclusions 
7.1 General Conclusions and Proposed Future Work 
The 0.5Na2S + 0.5[xGeS2 + (1-x)PS5/2] mixed glass former system exhibits 
negative mixed glass former effect on the Na
+
 conductivity. The glasses were structurally 
characterized using Raman, IR, and 
31
P MAS-NMR spectroscopies in order to develop 
structural models used to analyze the composition dependence of the physical properties. 
We found that the exchange of GeS2 for PS5/2 lead to unequal sharing of the Na
+
 ions 
where phosphorus groups were associated with a disproportionately larger number of Na
+
 
ions, while the germanium groups were found to be Na
+
 deficient. 
Sodium ion disproportionation in the ternary glasses lead to preferential formation 
of isolation phosphorus tetrahedra, P
0
, and a small fraction of Ge
3M
 molecular anions, 
Na4Ge4S10. Comparison of the amount of bridging sulfur and glass transition temperature 
at each composition enabled quantification of Ge
3M
 species and it was shown that a small 
fraction of these structures lead to a Tg depression. These results were used to develop a 
short-range order structural model that was used to analyze the atomic level origin of the 
negative mixed glass former effect on ionic conductivity. 
The Anderson-Stuart model of the activation energies in these glasses reveals the 
origin of the negative MGFE to be due to a decrease in dielectric permittivity. This is 
thought to be caused by a contraction of the glass network and clustering of Na
+
 ions 
about phosphorus. Effectively, the P
0
 groups act as sodium traps that inhibit ion 
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conduction. Results of this body of work imply that for a positive MGFE to occur the 
relative permittivity must go through a maximum. 
In order to further characterize the MGFE in non-oxide glasses, a better 
understanding of the effect that intermediate range order has on ionic conductivity in 
these MGF systems is required. For example, the current study did not have access to 
NMR facilities able to examine low frequency nuclei such as 
73
Ge which may enable 
more refined structural analysis and quantification of phosphorus and germanium groups 
bridged by sulfur. Further, 
33
S NMR, although experimentally challenging, may provide 
new insight into the localization of charge about anionic species. Finally, the current 
study held the number of Na
+
 ions per glass forming cation constant across the glass 
series. Perhaps another approach may be to keep the nominal structural configuration of 
the binary glasses constant.  
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